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ABSTRACT
A number of agar-degrading bacteria were isolated from the River 
Uey, Guildford during the summer period of 1976. The isolates were 
all Gram-negative rods belonging to two genera; Alteromonas and 
Cytophaga. . The strains of Cytophaqa caused considerable softening of agar. The 
Alteromonas, on the other hand, were found capable of liquefying agar„ The 
results obtained indicate that the agar-softening strains of Cytophaga 
produced at least two enzymes systems, one cell—free and the other cell- 
bound while the agar-liquefying strains of Alteromonas produced a single, 
cell-free enzyme system which hydrolyses agar by an exo-cleavage mech­
anism.
Both organisms grew well with inorganic nitrates as a nitrogen 
source but the Alteromonas did not grow well on ammonium sulphate.
The extracellular enzymes were best obtained from cell-free culture 
fluid by cold acetone precipitation but further purification by 
affinity chromatography led to considerable loss of activity.
The agar-degrading enzymes were inducible not only by agar but also 
by other galacfcans which are known to occur widely in plants. The
*r
enzymes also showed a.broad spectrum of activity, liberating reducing
compounds from many polygalactose polysaccharides. The K values
—1 —1
obtained for agarose (0.170mg ml ); gum arabic (0.073mg ml ) and
— 1
arabinogalactan (0.152mg ml ) indicate that agarose is not the natural 
substrate for the enzyme. It seems quite possible that these organisms 
participate actively in the degradation of galactose polymers in fresh- 
waters and that their evolution could be associated with the presence 
of these polysaccharides- in the River UJey.
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I - INTRODUCTION
1. Ecological importance of the decomposition of macromolecules.
In lowland streams such as the River Wey, allochthonous organic 
matter inevitably constitutes the dominant organic imput. Water currents 
in these habitats usually ensure that phytoplankton populations are 
kept to a minimum and although some periphytic algae survive the currents, 
their contribution to the organic bucket is comparatively little. Fisher 
and Lictens (1972; 1973) found that in Bear Brook (New Hampshire, U.S.A.) 
over 99^ of the organic imput was of allochthonous origin of which 43^ 
was from fallen leaves and 25% as dissolved organic matter.
Allochthonous detritus in woodland streams usually consists mainly 
of structural polysaccharides such as cellulose and cellulosic materials, 
pectin and pectic substances. These are derived almost exclusively 
from the surrounding vegetation. Traditionally, these macromolecules 
were thought to be refactory to biodegradation. But were this to be 
true these organic polymers would accumulate relative to living matter 
and consequently cause inorganic nutrients to be trapped in very large, 
metabolically immobile pools. The resulting effect would surely be the 
stagnation of an otherwise dynamic ecosystem.
However, both common and practical experience indicate that aquatic 
habitats are sufficiently self-purifying as to prevent the accumulation 
of organic detritus. It is becoming increasingly obvious that no organic 
matter is completely refractile to microbial degradation. Agar-agar, 
which was at one time thought to be inert to microbial attack, is now 
known to be labile to the hydrolytic activity of some marine bacteria 
and a few soil organisms.
Agar-degrading bacteria undoubtedly play important ecological 
roles in the recycling of matter at the edges of the seas and oceans, 
where agar a significant part of the carbohydrate constituents
of marine algae, particularly of the Rhodophyceae. Indicative of 
their activity was the report (Bavendum 1931) that marine sediments 
collected near the Bahama Islands contained from 50,000 to 200.000 
agar-digesters per gram.
Although agar degrading bacteria have been found albeit accidentally, 
in soils, dried grapes, rotten red beets, and stable manure, their 
ecological role in these habitats is still not well understood. In 
the course of a preliminary study of bacteria species which attack 
structural polysaccharides in the River Wey, some agar-degrading organisms 
were found and this study was undertaken primarily to understand more 
about the ecological roles of these isolates.
2. Occurrence and structure of agar and other galactose polysaccharides.
(i) Agar
Agar is a general term which refers to galactoglycan derivatives, 
usually insoluble in cold water but soluble in boiling water; about 
1.5^ solution of which forms a firm, resilient gel when cooled to 
between 32 and 42°C. The gel, once formed does not melt below 85°C.
These properties, together with the resistance of the gel to degradation 
by most microorganisms, make agar an excellent nutrient carrier for the cul­
turing of microorganisms. Agar-agar is obtained from various genera 
and species of the class Rhodophyceae (Whistler et al, 1959). Purifi­
cation by acetylation, fractional dissolution and deacetylation yields 
a neutral polysaccharide called ’agarose* as the main component of the 
crude agar preparation (Araki, 1937; Hjerten, 1961; Porath and Hjerten, 
1962). Acid and enzymic hydrolysis (Araki and Arai, 1956; Araki 1956), 
methylation analysis (Araki and Hirase, 1960) methanolysis (Hirase,
1957; Araki and Hirase, 1954) and mercaptolysis (O’Neill et al, 1956) 
indicate that agarose from Gelidium amansii (Araki, 1956), Ahnfeltia 
plicata (Arai, 1962) and Gelidium cartilaqinum (O’Neill, et al. 1956) 
is a linear molecule composed of alternating units of D-galactose, 
linked [3-(l-*4)(fig 1A) and 3,6-anhydro-L-galactose, linkeda, -0*3)
(fig 1B); containing a half-ester sulph,ate (figs 1C, 1D) on about 1
e.i
in every 10 galactose units (O’Neilly, 1956) and pyruvic acid as a 4,
_  A
6-Q-(l -carboxyethylidene) group (fig 1E) on 1 out of 51 D-galactose 
units (Hirase, 1957). In some cases, a half-ester sulphate residue may 
also be replaced by a methylated residue (fig 1G) (Araki and Arai, 1956).
The fundamental structural unit of agarose is therefore thought to be 
that represented by fig 1F.
Commercial agar, and perhaps also natural agar, is a composite 
structure consisting of the neutral agarose fraction and an acidic 
complex fraction which has been called agaropectin (Araki and Arai, 1956),
The main saccharide units that occur in agar
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(ii) Polygalactose components in Hemicelluloses.
The o(rcellulose of most plant cell walls is often associated with 
lignin and usually embedded in an amorphous mass of other polysaccharide 
materials (Hirst 1955), Wild acid hydrolysis of lignified cellulose 
(Hirst, 1955; Timell, 1964, 1965), renders the lignin water soluble 
and leaves a lignin-free polysaccharide complex called tHolocellulose' 
(Schulze, 1891) from which hemicellulose (Schulze, 1891) can be extracted,
Host hemicelluloses are heteroglycans, containing 2 to 4 and 
rarely 5 to 6 different sugar units. Galactose-containing hemicelluloses 
contain one or two other sugars, usually L-arabinose and D-mannose 
and sometimes, D-glucose.
L-arabinogalactans are the only component of hemicelluloses which 
can be extracted in good yield with cold water even prior to delignifi- 
cation. These heterogalactans occur in considerable amounts in coniferous 
woods, especially in the genus Larix (Timell, 1965), in which D-galactose/ 
L-arabinose residue ratios can vary from 2.6 in Alpine larch to 9.8 
in Mongolian larch.
a*.
The arabinogalactan of Larix occiden^Llis (hJestemlarch) and those 
of other species of larch are structurally similar, with an internal 
core of linear D-galactose, linked p —(1—3) and having various side chains 
as shown in figs 2a and 2b for larch arabinogalactan and coffeebean 
arabinogalactan respectively (Bouveng, 1959; Aspinall, 1959; Timell, 1965).
(iii) Galactans of pectin substances.
Pectin is a heteroglycan, consisting essentially of a mixture of 
an araban, a galactan and pectic acid (Hirst, 1942). These components 
are present in almost all pectic substances although their relative 
proportions may vary from source to source (Hirst, 1942; Aspinall et 
al, 1961; Anderson et_ al, 1961). Pectic galactans are rarely obtained 
in homogenous form. Nevertheless, they have been isolated from the 
seeds of Lupinus albus (Hirst, 1942) and from Strychnos nux-vomica seeds 
(Andrews et al, 1954). Both galactans were found to consist of linear 
chains of D-galactose linkedp—(1-4). From results of methylation 
followed by hydrolysis, Hirst proposed a structure identical to fig 
3gfor the galactan of Lupinus albus.
.1
a-Suggested structure of Western larch arabinogalactan (Wh’fte,l941; Bouveng^1958^l959y1960)
R - p-D-Galp-(1—6)-p-D-Galp
R p R
p-D-Galp OR L~Ara^
R3= ct-D-Xylp-(l~3)-L-Araf
a- Araf Ana, jJrGalp
a-Ara^*
I
i
3
-Galr {5-GaIp
6 6 6 6 b
-^-Galp-(i—>3)-jJ-Galp-(i— >3)-^-Galp-(l—>3)-p“Galp-(1-—>3)-j}-Galp-0—--»3)-{5'Galp (^-
b-Suggested structure of Coffee been arabinogalactan
i p  indicates pyranose form 
• f indicates furanose form
(iv) Galactans of compression or tension woods
Compression, woods differ chemically from normal woods in their 
higher content of lignin and D-galactose residues. Timell,(1964, 1965), 
and Meier (1962) extracted from Beech compression wood, a galactan 
with DPn380 which, on hydrolysis gave D-galactose (69.3^), L-arabinose, 
6%, D-xylose 4,2% and L-rhamnose, 20.5$. Chromatographic separation 
of the partial hydrolysates of the galactan gave neutral oligosaccharides 
identified as:-
6-Op-D-galp~6-0-p-D-Galp-D-Gal;
6-0-p-D-Galp—4-0-p-D-Galp-D-Gal;
4-0-p-D-Galp-D-Gal and
6-0-p-D-Galp-6-0~p-D-Galp-6-0-p-D-Galp-D-Gal
indicating that the galactan contains f3-(l-*4) as well as j3-(l^ 6) 
linked D-galactose units. Bouveng and Meier (1959) also extracted a 
holocellulose -from Norway Spruce tension wood. Analysis of the holo- 
cellulose yielded five fractions. Three of the fractions were found 
to contain 11$, 33% and 45$ D-galactose respectively compared with 1-?2$ 
in normal spruce. The presence of a linear p-D-linked chain in the 
galactan (fig3a) was indicated by a pronounced band at 886cm in its 
infra-red spectrum and confirmed by partial acid hydrolysis which yielded 
a homologous series of seven oligosaccharides of D-galactose, all of 
which were j3-D-(l-*4) linked.
(v) Galactans of plant exudate gums.
Polygalactose polysaccharides constitute the largest single group
of polysaccharides in plant exudate gums and all known exudate galactans
seem to contain a core of D-galactopyranosyl residues mutually joined
by (1-^ 3) linkages with side branchings at (1**6) positions. (Aspinall,
etaf.
1969; Smi^h, 1939; Anderson ^1966» Stoddart and Jones, 1968). These 
galactans include gum arabic, mesquite gums, lemon gums and other gums 
from Acacia species. With the application of Smith’s degradation 
procedure, (Smith, 1939), it was shown (Anderson et al, 1966, ^96^) 
that gum arabic consists of a core of (1-*3)-linked p-D-galactopyranose 
residues in which (1-6' -linkage branchings occur at approximately every 
16 units, Fig 3b.
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(vi) Galactans of non-marine microorganisms.
Stacey et_ al_ (1935) isolated a galactose oligosaccharide from 
cultures of Penicillium varians in gluc^ose media. The oligosaccharide 
was found to contain between 6 and 8 galactopyranose units in p-(l-}4) 
linkages and terminated at the nonreducing end by a glucose residue.
The same workers also isolated another oligosaccharide which they named 
galactocarolose from cultures of Penicillium charlesii, Galactocarolose 
was found to contain 9 to 10 galactofuranosyl residues linked in (1*>5) 
positions.
Galactose polysaccharides have also been reported in freshwater 
algae. Hough et al (1952) isolated a mucilaginous, complex acidic 
polysaccharide from species of Nostoc which, on methylation and hydrolysis 
yielded about 36$ galactose, 10$ rhamnose and 25$ D-xylose. Further 
studies on the chemical structure of the polysaccharide have not been 
reported.
(vii) The Raffinose group of oligosaccharides.
Galactose units are universally present in a group of low molecular 
weight saccharides referred to as the Raffinose group of oligosaccharides. 
These occur widely in plants and sometimes dominate the entire water- 
soluble extract especially in Labiatae and related families (French et 
al, 1953). Generally, more than one of the group, which include raffinose 
stachyose, manninotriose, verbascose and verbascotetraose can occur in 
the same plant. In plantago for example raffinose and stachyose occur 
together in the roots. The oligosaccharides may also be associated 
with related polysaccharides such as the galactomannans in legume seeds 
and the sucrogalactans (French et al, 1953). The structural relation­
ships of the raffinose group of oligosaccharides is outlined in fig 4. 
Details of their chemistry and methods of preparation have been reviewed 
by French (1954).
3. Enzymatic Degradation of Agar and other galactans.
Agar gel is believed to be a conglomeration of double helical 
polymers held together by intermolecular hydrogen bridges (NG YingKin and 
Yaphe, 1972) and the degradation of the gel by microorganisms can be 
classified into three categories on the basis of the extent to which the 
gel structure is disrupted. Organisms which only disrupt the double
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helical structures without affecting the molecular framework do not 
generally produce visible changes on the gel. Such limited activity 
can only be detected by iodine tests (Gran, 1902) which NG Yin Kinqet al 
^1972)have pointed out depends on the integrity of the double helix.
Some organisms on the other hand bring about an internal cleavage of the 
agar molecules and so cause some visually detectable depressions or 
softening on agar gel surfaces. At the extreme there are organisms 
which cause detectable holes on agar plates and, if the gel is suffic­
iently moist, can cause complete liquefaction within a few days* incubation.
Organisms which cause visible changes on agar gel surfaces invariably 
give a positive iodine test which, in most cases is reproducible. On the 
other hand, organisms whose agar-degrading activities can only be 
ascertained by iodine tests do not appear to give reproducibly positive 
iodine tests and it is probably this fact which has led many workers to 
make such observations as "unstable agarase activity”. Stanier (1941) and 
van der Meiilm ert al, (1974) stated that "Negative iodine tests may not 
necessarily indicate that agar is not degraded". The opposite may be 
even more true i.e. that positive iodine tests may not necessarily 
indicate that agar is degraded. Extremely dried agar -plates give a 
reddish violet colouration with Luqol,s iodine but the colour usually 
fades away within minutes. Conversely organisms such as species of 
Actinomyces and Streptomyces which cause extensive dehydration of agar 
plates give false positive iodine tests.
Agarose (the only substrate used for assay) degrading enzymes have 
been classified into two main groups namely a-agarases and p-agarases 
(Young, Hong, Duckworth and Yaphe, 1971 )• {3-Agarases are thought to act 
specifically on the [3-linkages of agarose, usually by an endo-cleavage 
mechanism which leads to the formation of homologous oligosaccharide 
fractions. Nearly all known agar-degrading enzymes are reported to 
belong to this group (Yaphe, 1966; Turvey and Christison, 196?Qj Young,
1972; van der fleulen et al, 1974; Vafttuone and Sampietro, 1973a,b; 
Vattuone, de.* Flores and Sampietro, 1975).a -Agarases refer to agar- 
degrading enzymes which preferentially or exclusively cleave the 
c/{ -linkages, leading to the production of agarobiose (fig 1A) as one of 
the hydrolytic products. The onlya -agarase that has been reported is 
the enzyme produced by Vibrio agar-liquefaciens (ishimatsu, Kibesaki 
and Maitani, 1954). The enzyme was also reported to degrade agar by an
endo—cleavage mechanism and so far, no agar—degrading enzyme is known 
which sequentially cleaves off monosaccharide units from agarose.
A schematic representation of the pattern of hydrolysis of agarose 
by endo-actingd and p-agarases is shown in (fig 5 ).
Microbial enzymes are also known to degrade hemicelluloses and pectic 
acid galactans (Dekkeret al, 1976). Extracellular galactanases have been 
isolated from cultures of Bacillus subtills. The extract was shown to 
degrade soybean arabinogalactan with the liberation of galactose (Emi 
and Yamamoto, 1972) and coffee bean arabinogatactan with the liberation 
of galactobiose (Emi, Eukuraoto and Yamamoto, 1971).
A typical exo-(1-}4)-p-D-galactanase has been reported to be produced 
by the fungus Sclerotium rolfsii (van Ettei and Bateman, 1969). The 
enzyme degraded pectic galactan from Lupinus albus by sequential cleavage 
of terminal reducing sugars.
4. Ecology and Early Studies of Agar—degrading bacteria.
About 21 years after Robert Koch first used agar in bacteriological 
media in 1881, Gran (1902), working in Beijerinck*s laboratory, reported 
the isolation of an agar-digesting bacterium while engaged in a general 
study of marine bacteria. He named the organism "Bacterium gelatica" 
(Pseudomonas gelatica, Bergey et al, 1939). Later by use of enrichment 
culture technique, he was able to isolate similar organisms repeatedly 
from sea water off the Dutch and Norwegian coasts. He adapted the 
iodine test for the detection of agar—degrading activity and used the 
test to demonstrate that the agar—degrading enzyme of "Bacterium gelatica" 
was extracellular. In 1905, Panek described an agarolytic bacterium 
curiously named "Bacterium betae viscosum" from rotten red beets and in 
fact incriminated the organism as the causative agent of the rot. 
Biernackiy^ (1911) also noted that a bacterium which was among the flora 
of dried Spanish grapes, was capable of degrading agar. He isolated the 
organism and named it "Bacterium Nenckii" (Achromobacter nenckii, Bergey 
et_ al_ 1939). The first indication of the occurrence of agar—degrading 
bacteria in soil came when Northrup (1919) noted numerous 1 agar—digesters1 
from soil. He did not describe any of the organisms and it was left to 
Gray and Chalmers (1924) to make the first detailed description of 
Microspira aqar-liquef aciens (Vibrio agar—liquef aciens) , an aerobic,
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vigorous agar-digester which they isolated while engaged in a study of 
cellulose decomposers in the soil*
Four years later, Aoi and Orikura (1928) isolated from stable manure,
W
a vigorous agar-liquefier which they called Vibrio a0doit
The first systematic study of agar-degrading bacteria was carried 
out (Lundestad, 1928) on samples from the North Sea off the Norwegian 
coast. He isolated and described seven new species and two other species 
which resembled Gran*s "Bacillus gelatica". The old and new names of his 
isolates, together with other names not mentioned here are given in 
Table 1. In 1929 Angst made a survey of agar-degrading bacteria occurring 
at the Puget Sound Biological Station (University of Washington) off the 
North Pacific Coast. He isolated thirteen new species for which he 
suggested a new generic name Agarbacterium. Indicative of the increasing 
awareness of the ecological significance of these organismswas a quanti­
tative study carried out by Waksman and Bavendum (1932) who found, on the 
average, about 100,000 agar-digesters per gram of mud taken from the 
mangrove swamps off William*s Island in the Bahamas.
By 1934, the isolation of agar—degrading bacteria was becoming almost 
common place for the marine bacteriologists but still remained a rare, 
and invariably, accidental event for bacteriologists working on other 
habitats. Between 1934 and 1961 (Tablle 1) more organised studies were 
carried out along the Pacific coast (Waksman, Carey and Allen, 1934); 
along the California coast^ZoBell and Allen, 1935; Stanier, 1941;
Zobell and Upham, 1944); on the Atlantic coast (Humm, 1946), the 
Japanese coast(Araki and Arai, 1954)and the Dutch coast (Veldkamp, 1961). 
In all, about 45 more species were named during this period, including, 
for the first time, two anaerobes, Cytophaga fermentans and Cytophaga 
salmonicolor (Veldkamp, 1961).
Among the 20 species isolated by Humm (1946) about half of the 
number was found in association with marine algae,. Many of the isolates 
were also found in marine sediments. Humn^s findings provided a direct 
proof of the long-standing suspicion that marine algae were responsible 
for the evolution of marine agar-degrading bacteria.. But there were 
still workers who, though not challenging the theory, were aware of the 
existence of nonmarine agar-degrading bacteria, and felt reasonably sure 
that the whole story had not yet been told. Nicol- had, in 1931, noticed
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some agar-softening, yellow pigmented bacteria from a swampy soil in Palmer’s 
Green, London and from the clover side of Agdell Field, Rothamsted. In a 
letter to the editors of Nature, he had this to say among other things 
"The purpose of this letter is to direct attention to the probability of 
wide occurrence of organisms which are able to attack agar, rather than 
to create new species...•••••• • It seems likely that the discovery of
bacteria which are able to attack hemicellulose (agar) awaits but the search."
Despite Nicols predictions, there has been an insignificant amount of 
'search* for agar-degrading organisms in nonmarine habitats. Agar- degrading 
bacteria have also been isolated from sewage treatment systems (Cataldi,
1940; Goresline, 1933; von Hofsten et al, 197^). The first published report 
of the isolation of agar-degrading organisms from a fresh water habitat 
was made by van derHeulen et_ al_ (1974). Another freshwater, agar-degrading 
organism (NCIB9491) was briefly mentioned by Mitchell ejt al_ (1969). Van der 
Meulen and his co-workers suggest that the occurrence of Cytophaga flevensis 
in a Dutch lake could be traceable to the time, till 1932, when the lake 
was open to the North Sea. It was not explained, however, why the organism 
should selectively retain the agarolytic habits of its progenitors while 
losing some of the progenitor's key marine habits such as salinity tolerance.
5. Scope of the Study.
This work has been planned with three major goals in view
(i) To ascertain, as much as possible, the characteristics of the 
commonly occurring agar—degrading isolates with a view to establishing 
their taxonomic relationships.
(ii) To investigate conditions which favour the production of the 
'agarase' in good yield and the methods of its extraction and purification.
(iii) To study the inducing substrate range and substrate specificity 
of the agar-hydrolyzing enzyme with a view to obtaining an understanding
of the possible ecological role and evolution of these organisms.
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1. Vertical sampling of the River Wey,
The sampling locations were carefully selected stratified pools along 
the stream course spread over a distance of 500 meters. Each sampling 
location was as far away as possible from any artificial turbulence and 
the depth of each was approximately 1,8 meters. All sampling operations 
were carried out at least 3 days after any flooding and, if the flooding 
continued, the sampling was put forward till some degree of settlement of 
the stream returned.
The vertical sampler (fig 6 ) used for synchronous sample collection 
from different depths of the river was designed and built in our laboratoiy. 
It consists of a vertical, rigid, plastic column (6A), sliced vertically 
on one side to facilitate manipulation of water syphoning rubber tubes 
(CT) through it. The syphoning tubes are passed inwards from the base of 
the vertical column to small holes drilled at 30,48cm intervals along the 
length of the column. The first hole was at about 30,48cm from the air- 
water interphase and the last as near as possible to the silt-water (s/w) 
interphase. The vertical column is supported on a detachable heavy metal 
base. Each syphoning tube terminates at the other end, on an inlet lead 
of a lightly closed sampling bottle. The bottles, each in turn, connected 
through outlet leads, to a common airtight>thickwalled chamber (6C) linked 
to a manually operated, two-valve syringe.
All the components of the vertical sampler with the exception of the 
vertical column and base, were sterilised by autoclaving before every 
field trip. The syphoning tubes were filled with water and taped off at 
both ends during sterilization. They were fixed at intervals, after 
sterilization onto the vertical column with the tapes still in place. The 
rest of the sampler was set up in the field as described and all the seals 
on the syphoning tubes were removed immediately before inserting the column 
into the sampling location. The risk of mixing water from different depths 
in the process of inserting the column in position was greatly reduced by 
sterile water which already filled the tubes. With the column in place, 
sample collection commenced from the various depths as soon as the syringe 
was operated. The pumping action of the syringe evacuates the sample 
bottles so that water is syphoned into each one from the corresponding 
depth. The temperature of the river was taken with the aid of a mercury
f i g 6 A diagram of the depth sampler-
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thermometer before and after each sampling session* 
Critical Assessment of the Sampling Technique*
The sampling technique was found to be satisfactory but the following 
problems were encountered.
(i) The pumping operation using a syringe was slow and laborious, 
though admittedly efficient* These problems could be eliminated by replacing 
the syringe with a petrol-operated field pump. The efficiency of the sampler 
could be further improved by sampling from a boat or dingy instead of from 
the river bank.
(ii) It was found difficult to collect equal volumes of water sample 
from the various depths. This particular problem was reduced to some 
extent by making the length of each syphoning tube inversely proportional 
to the corresponding depth at which it syphons water. For example if X 
was the most convenient length of tube used for the silt-water interphase 
sampling, then the other tubes were made to be 2X, 3X, 4X and 6X respectively 
from bottom to top.
2. Estimation of total numbers of bacteria.
All samples were returned to the laboratory within a maximum of 1 hour 
after collection. A little of each bottle was tipped off before dilutions 
and used immediately to measure the pH of the river water using a pH meter 
(E.I.L. Chertsey, England). Five—fold dilutions of the remaining sample 
in each bottle were then made in 20mls of sterile river water. 0.1ml of 
each dilution was spread on a well—dried quarter—strength nutrient agar 
plate. The plates were incubated at 25°C and colony counts were made 
after 7 days.
3. Detection and isolation of agar-degrading bacteria.
a) Media
(i) Enrichment Medium
The enrichment medium consisted of river water supplemented with 0.2% 
(w/v) agar No.3 (oxoid). The agar was solubilized by boiling and the pH 
of the medium was adjusted to 7.2 before autoclaving at 121°C for (1)5 minutes.
(ii) Mineral Medium Agar
A slightly modified mineral medium of Hofsten et_ al_ (1975) was used 
and contained (gram litre K^HPO^, 0.5; MgSO^ • 7^0, 0.2; NaNO^, 0.2; 
CaCl2.2H20, 0.2; MnSO^.H^, 0.1; (NH^^SO^, 1; Agar, 15. The pH of the 
medium was adjusted to 7.2 after boiling to disolve the salts and the 
agar. Sterilization was by autoclaving at 121°C for 15 minutes.
(iii) Dubos stock solution
Contained (Gram litre ): NaNO^, 0.5; K2HP0^, 1; MgSO^ 7H20, 0.5;
KC1* 0.5; FeSO^. 7H20, 0.01. The medium was dispensed into bijou bottles
after the pH had been adjusted to 7.2, and then sterilized by autoclaving 
o
at 121 C for 15 minutes.
b) Detection and isolation of agar-degrading bacteria
The water samples were first enriched for agar-degrading bacteria by 
inoculating 100ml of enrichment medium contained in 250-ml Erlenmeyer flasks 
with 20ml sample. The cultures were incubated on a rotary shaker at 25°C 
for 4 days. 0.1ml of this enriched culture was spread on mineral medium 
agar plates and incubated at 25°C for 7 days with daily observations. 
Agar-degrading activity was detected either visually by the appearance 
of visible liquefaction or shallow depressions around colonies. In the 
absence of this type of activity by the end of 7 days, the culture plates 
were flooded with Lucjol’s iodine. The appearance of clear zones on a 
reddish—violet background, following the iodine treatment, was taken as 
indicative, but not conclusive, of agar-degrading activity. Some of the 
colonies showing such positive iodine tests, but without other visible 
signs of agar—degradation, were closely studied and subsequently isolated. 
All colonies showing visible signs of agar-liqu£faction and/or depression 
were picked off and purified by successive streaking on mineral medium agar 
or on nutrient agar plates. Further screening for agar-degrading activity 
was carried out during the purification stages. Representative strains 
of all agar-degrading isolates were stocked in Dubos Stock Solution.
The general trend of total bacterial numbers in stratified pools along 
the River Wey is represented graphically in (fig 7 ). Counts were usually 
high but uniform within a depth of about 30,48cm. Beyond this depth 
bacterial numbers decreased gradually until lowest density is reached at 
about two-thirds the length of the column after which .it rose again and 
finally reached another peak at the silt-water interphase. The average 
counts obtained from the various depths between March and November, 1976 
are shown in (Table 3). There were no significant variations in the 
numbers obtained from different sampling points at constant depth. Higher 
counts were generally obtained during Winter-Autumn period than during 
the Spring—Summer period. The Winter—Autumn high counts possibly could 
be associated with higher frequency of rain and floods which wash in 
allochthonous bacteria from soil and the surrounding vegetation. It was 
noted for instance that more numerous Bacillus species were encountered 
in water samples during Winter but only a few such encounters were made 
during Summer.
Most of the available information about the vertical distribution of 
bacteria in aquatic environments were from studies in Oceans (Kriss, 1963) 
and deep lakes (Taylor, 1940). It has been suggested that fluctuations in 
bacteria density with depth in such deep waters is attributable to the 
effects of pressure (Albright, 1975). temperature (Kriss, 1963) and oxygen 
concentration (Hawker et al, 1971) which are known to vary with depth in 
deep waters. In shallow waters such differences are generally small and 
i.bhey are therefore considered insignificant as determinants of bacterial 
numbers within a freshwater dolumn.
There have been suggestions that pigmented bacteria have a general 
tendency to aggregate at the surface of water columns as a result of some
unexplained influence of sunlight. In a study of the vertical distribution
of bacterial clusters in Green Lake, Washington, Lightheart (1975) found
that yellow pigmented members of the Cytophag^/riavobacterium group were
largely concentrated near the air—water interphase while orange—pigmented 
flavobacteri^ and pseudomonads showed a two-peak density fluctuation similar 
to (fig 7). In the present study there was no pronounced stratification 
of recognisable groups. Pigmented organisms were dectable at all levels 
of the water with high numbers occurring at the silt-water interphase. The 
occurrence of pigmented and aerobic species at all levels of the column
TA
BL
E 
3
. 
To
ta
l 
nu
mb
er
s 
of 
ba
ct
er
ia
 
at
 
va
ri
ou
s 
de
pt
hs
 
of 
so
me
 
st
ra
ti
fi
ed
 
po
ol
s 
in 
th
e 
Ri
ve
r 
W
ey
be
tw
ee
n 
Ma
rc
h 
an
d 
No
ve
mb
er
, 
19
76
cd
P 3
© ft
> o
P
©
a lt\
© T-
t>'—
O
a
p
©
ft LPV
O x-
-p — -
o
o
p©
a in© T-
-p — -
ft
©
CO
<
a
’-K
P
-p o
GQ'
p LPv i—1
<
ft
o
01
-p
•Hr—1 LfA P3 x- piha —
t»D
P•H
a
p
o
ft
a© pP LPv o
P x— I—1
Pa v_^ - o
o
p
cd
©
a
Cd^LTA
1--1
•H O
P t-
ft-—
<
ft! *
O'—'
P O
«3 •<—
a ^
t
m
Eh
ft
T
r^i n
fPv CPCvJ p- 00 ft ■r—<\J ft p" tPv ft fPv• • • • « • •
00 p- •p- tPv p- ft
vj- ■p- p~ LPvo o o o O
X“ X- . x—
X 1 X X X 1 X
LPv o LPV LPv oft o —^ p- 00CO K\ if 00• • • • •
ft ft ft
xd~ xp- LPvO o o o o o
"r_ -r- ■*“ X- •V— X—
X X X X 1 X X
o o o o o oo o LPv o o oLPv CTv p- - CO o LPV• • • • • •
ft V- fPV ft
■p- LPvo o o o o
T~ -r_ X-
X 1 X X X 1 X
o LPv o LPV K\o ft o [ft VOo VO 00 T—• • • • «
x^- ft [Pv 'r“
p- LPvO O o Ox— —^ ■V- o v—V“*M X X I X
X 1O o LPv t<r\O o p- LPv P-CTv CTv ■5- 00• • • •
ft ft ft
'vj' xp" LPvO O o o o o O
v~ -r~ x- x—
M X X X X X X
O o o LPv LPv o oO o o p- ft LPv p-LPv T— CTv o 00 ft o• • • • • v •
■'3' p- ft ft ft LPv T-
■p" xp* Xsf LPvo o o o o o o
T~ ■c_ T~ X— X—
M X X X X M
O o o LPv o o KAO o o ft LPv LPvLPv o LPv T— ft- T— LPv• • • • • «
P- LP\ ft ft ft 00 'r~
xsf x^- LPv LfAo o o o o o o
■*- 'r~ ■v— f- X— x—
X X X X X X X
O o o o o LPv LPvLPv LPv LPv o o ft ftft ft 00 LPv o ft P-• • • • •
CTv 00 VO LPv CTv ■r“ KA
LPv LPv LPv LPv LPvo o o o o O o
T— T~ -T- -r- X— X—
X X X X M M X
LPv o o LPv LPv oft o LPv LPv ft LPvVO to t— ft LPv T— o• • • • • . •
ft x^-
LPv LP •p" LPv LPv LPvO o o o O O oT_ "r_ X- X—
X X X X « X X
LPv LTV o o o o oft p- LPv LPv o o oO LPv p- ft o KA LPv• • • • • • •
ft T_ p- p- ft ft
-P -p ft -p -p ft
, 1
+ >  $ft ft ft ft ft ft ft
■ n in 1
©
01
cd
&ft
u©
-p
£
©
-p
cd
£I
-p
I—I•H
CO
+
Nu
mb
er
 
in 
pa
re
nt
he
si
s 
in
di
ca
te
 
nu
mb
er
 
of 
sa
mp
le
s 
fr
om
 
ea
ch
 
de
pt
h-
 
<t> 
1f
t-
= 
30 
48
cm
-
c9
o
o
DEPTH 1 2  3 * 5 6 FT
Fi g7- Fluctuqtions in total bacteria density)with depth of stratified pools 
in the River Wey-
Ta
bl
e 
4.
 
Nu
mb
er
 
of 
sa
mp
le
s 
fr
om
 
wh
ic
h 
ag
ar
-d
eg
ra
di
ng
 
ba
ct
er
ia
 
we
re
 
de
te
ct
ed
 
af
te
r 
en
ri
ch
me
nt
.
EH p O tPv OO to
Eh ft o o O tPv VO
C\H
P v_>-
Cd CMpq^ m M o tPv O CM CMS LPv f-i
Cd • © p o T— O T- O
ft toO -p
P o ft o o O o O
no
ft p CM
Cd to M o o CM CM fPvFQ N_✓O LPv P o o ,— CM OEH •«- CD CO--- ©O •H ft o o o O O
©©-P
ft
O -
ft to >•Cd CM
pq •> M CM tPv CM CM 1
^^ X—SCd LPv ft P
eh ■«- '__ to O •.— O CM 1ft —
Cd © ft O o O O 1
CO o■H-P
O
©ft© CMEh H CM ■*— O CM ■'d-
CO ^ o1ft LPv •H P O o O tP\ ■ —ft t- ft to
ft— "
<! >5 ft O o O O oft
ft©
>u CM© L—1 O CM T— LPv LTV>H^ ©i-d LPv ft P O O o CM 1—o tor j — m ft O O o -r- O©
©•H
© CM-p M O tPv 00 c-jV] X- oft LPv © P O CM ■*— tPv vc
ft '- ft COft — " CD ft O O o CM
©•H
ft
©
CD CM© ft -^ CM r— tPv 00r>H ^ ft
^  LF> 1 P o O ■5- O CMft i— COx,_✓ ©
CD ft o O o O CM©
ft-P•H
CMft'-'' ft 'd- O CMH O m
ft t- © P o O O T— Oft 1—1 CO<rj ft
a ft o O O o O©ra
fto
CMft * U ft o CM O tPv VOO ^ ©ft o ft P o O O O O<rj t— a COy %_/
p ft o O O O O
1
ft -p H ©EH ft © raPh V_X , -P -P -P ^ -p ©
Cd T- ft ft ft \  « ft
P H— CM VO m *H P
X
ft-p
ft
©ft
fto
©©
ao
J-ift
£
©
ft©-p
m 
© i—i
ft
a©
GO
ftO
n
©
ft
*
seems to confirm that solar radiation penetrates aown to tne Dottum xayei 
and that oxygen concentration is fairly uniform in freshwater streams.
Also there were no significant differences in the temperature and pH 
at different depths. The pH at different depths ranged between 7.2, 
the lowest value obtained in the topmost layer and 7.5, the highest value 
obtained for the silt-water interphase. It is possible therefore that 
the vertical fluctuation of total counts of bacteria is simply a reflection 
of organic nutrient stratification along the water column.
As has already been pointed out, agar-degrading bacteria could be 
classified into (i) active agar decomposers which cause either softening 
(SD) or liquefaction(L) of the agar gel and (ii) agar-decomposers, the 
activities of which are only detectable by the iodine reaction(I^)• The 
latter group were found to occur at almost all levels of the water column 
whereas the former group of agar-decomposers were mostly detected at or 
near the silt-water interphase (Table 4). The predominance of these 
organisms at water levels which are rich in organic detritus seems 
indicative of their active participation in the degradation of organic 
materials.
All the bacteria which were found to soften or liquefy agar were 
isolated during the Summer period of 1976. A similar seasonal trend was 
also reported by Humm (1946). Pseudomonas corallina, one of his agar- 
degrading bacteria isolated from the South Atlantic coast, was reported to 
occur exclusively during the Summer. Furthermore, although he did not 
discuss it himself, a close examination of his records, showed that most 
of his isolates were made between Play and September. The small number 
that he isolated between March and April were always found attached to 
various species of algae. It appears from his observations that marine 
agar-degrading bacteria exhibit a two-phase existence; one during which 
they are attached to algae and the other, which coincides with the Summer 
period, during which they are free-living. This hypothesis may not neces­
sarily apply to freshwater agar—degrading bacteria especially as agar- 
producing algae do not even inhabit freshwaters. The seasonal occurrence 
of these freshwater agar-degrading bacteria therefore still remains 
unexplained.
CHARACTERIZATION AND CLASSIFICATION OF THE AGAR-DEGRADING ISOLATES
1 • MATERIALS & METHODS
a) Bacteria strains
11 representative strains of nonpigmented motile, agar-liquefying
isolates designated 049(5 strains), 050 (2 strains), 051 (2 strains), 052
(2 strains)\ 6 representative strains of pigmented agar-softening strains,
023, 024, 025, 026, 028, 030. Pseudomonas (Alteromonas) putrefaciens 
(NCIB10472) and Pseudomonas (Alteromonas) rubescens (NCIB8768)^obtained 
from the University of Surrey, Department of Microbiology culture collection. 
NCIB9491 (Mitchell £t al, 1969) and NCIB1914 (v. Hofsten et_ al, 1975) 
obtained from the National Collection of Industrial Bacteria, Torry Research 
Station, Aberdeen.
b) Uncommon media used in these studies
(i) Basal mineral medium contained (g, litre ) K^HPO^, 0,5;
MgS04‘7H20, 0.2; CaCl2*2H20, 0.2; MnSO^ H20 0.1; NaNO^ 0.2 pH adjusted to 
7.2.
(ii) Modified arginine broth contained {% u/v) Tryptone, 0.25; 
yeast extract, 0.1; K2H0P4, 0.2; glucose, 0.05; arginine monohydrochloride, 
0.3.
(iii) Trimethylamine oxide medium contained (% u /v ) Nacl, 0.2; 
MgSO^ ♦ 7H20, 0.2; K2HP04 0.5; peptone bacto (Difco) 0.25, pH 7.2 
trimethylamine oxide (Difco) 0.1.
(iv) Layered cellulose agar uas prepared by layering an aqueous 
suspension of cellulose (Sigmacell, Sigma Chem Co.) on top of a nutrient 
agar base. The base contained (% lil/v) K2HP04, 0.5; MgSO^0 7H20, 0.2; CaCl2 
2H20, 0.2; NaCl, 0.2; yeast extract, 0.2; NaNO^, 0.2; agar, 1.5; cellulose 
(top layer), 0.5. The base and cellulose suspension were sterilized separ­
ately by autoclaving at 121°C for 15 minutes. When the nutrient base was 
just about to gel (15ml in petri dishes), the cellulose suspension (5ml) 
was gently layered. The plates were properly dried before use.
c) Cultural characteristics and cell morphology
j- Colonial characteristics and pigmentation: were studied on
nutrient agar pLates with and without 30% skim milk (Shewan et_ al, 1960) 
and on river water agar* Pigment production was also investigated using 
the media and method of King et al, (1954). *Swarming* behaviour was 
investigated on nutrient agar, river water agar, mineral medium agar and on 
a nutrient agar containing (g. litre ) peptone (oxoid), 1.23; yeast extract 
0.50; agar No.3 (oxoid), 15.
Microcyst formation (Stanier,1942a) was investigated in Gram stained 
smears of the yellow pigmented isolates.. Motility was observed in hanging 
drops taken directly from 48 hour peptone water cultures.
Cell shape and flagella pattern were studied with a 3eol transmission 
electron microscope (3EM, I00B). The organism, grown on nutrient agar 
plates, was washed into centrifuge tubes with a gentle stream of sterile 
distilled water using a pasteur pipette. The suspension was centrifuged 
at 500rpm for 30 minutes, washed once in 10% (aq) dimethylsulphoxide and 
twice in distilled water. The washed cells were then suspended in 0.025%
(aq) bovine serum albumin and mixed with 2% (aq) phosphotungstic acid 
(1:2 v/v), the pH of the acid having previously been adjusted to 7.2 with 
IN K0H. The mixture was left standing for 30 minutes to 1 hour. A drop 
of the stained suspension was finally pipetted onto copper grids (400 mesh) 
which had previously been coated with a thin film of formvar (o.5% in 
chloroform ) before receiving a fine film of carbon. The mount was dried 
at 37°C for about an hour and then mounted for electron-microscopic 
examination at an accelerating voltage of 8QkeV.
d) Effect of physical and chemical factors on growth.
(i) The effect of temperature on growth was investigated in 
both solid and liquid media. Quarter-strength nutrient agar (-*NA) slopes 
and one-eight strength nutrient broth in test tubes were inoculated with 
the test organisms and incubated in holes drilled out of an aluminium block.
A stable temperature gradient was maintained along the length of the block 
by heating one end to 50°C and cooling the other end to 4°C. The tubes 
were examined daily for turbid growth in nutrient broth or visible colonies 
on the agar slant. Growth density in broth tubes was measured spectro- 
photometrically on a Unicam SP600 at 546nm after 5 days.
(ii) Effect of hydrogen ion concentration on growth was determined 
using a basal mineral medium supplemented with 0.2% agar (oxoid). The 
medium was adjusted to pH 4, 4.5.* 5, 5.5, 6, 6.5, 7, 7.5, 8, and 9 in test 
tubes with either 0.2M K^HPO^ or 0,2m KH^PO^. The tubes were inoculated
with the test organism and incubated at 25 C. Growth density was measured
after 5 days as previously described.
(iii) Effect of Na* concentration on growth. The strains were 
tested for their ability to tolerate different concentrations of sodium 
chloride by streaking on a nutrient medium containing 0%, 0.5^, 1%9 2%,
Z%9 5%, 7% and 10% (id/v) sodium chloride (Analar). The nutrient medium 
contained (gm. litre ) peptone (oxoid), 1.25; yeast extract (oxoid), 0.5 
and agar (oxoid No.3), 15.
e) Physiological and biochemical characteristics.
Oxidation/Fermentation of glucose was investigated using the 
medium and method of Hugh & Leifson (1953). Liquid paraffin and molten 
vaseline were employed as seals for the *fermentation* tubes. The 
organisms were also inoculated onto plates of Hugh and Liefson medium and 
incubated both aerobically and anaerobically.
Catalase test, Indole, Hethyl red and Voges Proskauer tests; nitrate 
reduction and phosphatase tests were carried out using the respective 
media and methods described in Cowan & Steel (1965). Hydrogen sulphide 
production was detected with sterile strips of filter paper impregnated with 
lead acetate. The lead acetate paper was suspended over cultures of the 
test organisms on slopes of triple sugar iron agar incubated for 10 days 
at 25°C.
Oxidase test was carried out according to the method described by 
Kovacs(l956). DNflase activity was tested according to the method of 
Oeffries, Holtman & Guse (1957) using Bacto DNAase test agar (Difco).
Gelatin liquefaction was investigated in nutrient gelatine cultures of 
the organisms which were incubated for 7 days at 20°C. The nutrient gelatin 
contained (% u/\/) peptone (oxoid), 0.25; NaCl, 0.5; gelatin (oxoid), 15. 
Arginine dihydrolase activity was investigated in modified arginine broth 
according to the method of Thornley (1960) and decarboxylation of arginine, 
ornithine and lysine was tested using the medium and method of Miller (1955).
Starch hydrolysis; The test organism was incubated at 25°C in phosphate- 
peptone water containing 1.0^ (u/l/) soluble starch (Fissons) for 14 days 
after which 2 drops of Lugol*s iodine was added. Development of a deep 
blue colour was taken as indicative of negative amylase activity. No 
colour development was taken as indicative of starch hydrolysis.
Reduction of trimethylamine oxide: The ability of the organisms to 
reduce TMAO to trimethylamine was investigated in TMAO medium using the 
method of Laycock and Regier (1971) except that 20$ KOH was substituted 
for 20$ K2C03
Cellulose degradation. Layered cellulose agar was spot-inoculated 
with the test organisms and incubated at 25°C for 14 days. Growth and 
clearance of the top cellulose layer was taken as indicative of cellulose 
degradation.
Utilization of carbon sources: The strains were tested for their ability 
to utilize 50 compounds as sole source of carbon and energy. The compounds 
included those used by Lee et^  al (1977) and those generally employed 
(Lewin, 1969, Stanier, 1942a, van der Meulen et al, 1974) for the differ­
entiation of Gram-negative aerobic rods. The carbon compounds were added 
to a basal mineral medium to give a final concentration of 0.2$ (w/l/)•
It was found necessary from experience to sterilize all pentose sugars 
separately by filtration before adding them to the basal mineral medium 
which had been sterilized by autoclaving at 121°C for 15 minutes. In 
addition, the test was also carried out by streaking the test organisms 
on a mineral medium solidified with 15$ (id/v) gelatin and supplemented 
with 0.2$ ( lii/v ) of the various carbon compounds. The plates were incubated 
at 20°C and examined daily for growth. The latter method was particularly 
useful for all strains that neither grew on, nor liquefied, gelatin. These 
included NCIB 1914, NCIB 9491 and all the nonpigmented agar-liquefying 
isolates.
f) Utilization of some unusual carbohydrates as carbon sources.
The isolates were also tested for their ability to grow on the 
following carbohydrates as sole source of carbon: stachyose (Sigma), 
agarose (Sigma), pectin (BDH), starch (Fissons), gum arabic (Sigma) 
arabinogalactan (Sigma), caragheenan (Sigma).
All the polysaccharides were incorporated in basal mineral medium 
at a final concentration of 0.1$ (id/v). The pH of arabinogalactan solution 
was adjusted to 7.2 and filter-sterilized (it undergoes extensive hydrolysis 
if autoclaved) before being added to sterile basal mineral medium. The 
rest of the polysaccharides were sterilized with mineral base by autoclaving 
after the pH had been adjusted to 7.2. Growth was determined by turbidity and
optical density measurements after 5 days incubation at 25 C
Antibiotic sensitivity: Antibiotic multodiscs (Oxoid) were applied
to lawn-inoculated dried plates of CM3 medium (Oxoid),
g) DIMA analysis:
DNA was extracted and purified according to the method described 
by flandel £t al (1971), The denaturation temperature (Tm) was determined 
using the method of Narmur and Doty (1962) and the mole GC percentage 
was calculated using the equation of DeLey (1970),
2. RESULTS
The mutual similarity indices (S) (Sneath, 1957) of the test organisms 
were computed on the basis of the results based on the characteristics listed 
in Table 5, When sorted, the test organisms fell into 3 groups at the 82% 
level (Fig 8), Group A is formed by all the nonpigmented, motile isolates 
plus NCIB 1914 and NCIB 9491, Group B consists of the 6 yellow pigmented, 
agar-softening strains and a minor group, C made up of only two organisms, 
NCIB 10472 and NCIB 8768, The main distinguishing characteristics of the 
nonpigmented, agar-liquefying isolates and the yellow pigmented agar- 
softening isolates are shown in Table 6,
a) GROUP B J Yellow-pigmented agar-softening strains.
The agar-degrading activity of 025 and 026 was only detected 
by the iodine reaction. After several sub-cultures in the laboratory 
these strains were found to have lost their original agar-degrading activity. 
Consequently they are no longer regarded as agar-degrading and are therefore 
not included in the following discussion. The descriptions which follow 
refer only to isolates 024, 023, 028 and 030,
(i) Colonial characteristics
All strains produced discrete yellow colonies on nutrient agar 
with and without skim milk (30%), with shallow agar depression around 
each colony. Upon prolonged incubation (5-10 days) the agar gel was 
considerably softened. All strains produced colonies which gave positive 
iodine tests, reproducible after more than 50 subcultures. Unstained
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Pig. 9: A nutrient agar plate of C.vtophaga saccharophila
before flooding with iodine (a) and after flooding 
with iodine (b)* hb C-U+
plate culture of isolate 024 (Fig 9a) and stained plate cultures of the 
strain are shown (Fig 9b- ) • Swarming was not observed on nutrient agar. 
Limited spreading growth was observed on river water agar and on moist 
basal mineral medium agar. 24-hour colonies were found to adhere more 
firmly on agar gel than older colonies (3+ days). On the other hand colonies 
older than 3 days were more slimy and especially ropy on the loop. Flore than 
24 hour old colonies were glistening and semi-opaque, becoming increasingly 
transparent, particularly at the periphery, with age. No definite capsule 
was observed on stained preparations.
(ii) Effect of temperature on growth
All the strains grew at temperatures between 4°C and 30°C. Growth 
was slow at 4°C ^  15°C and poor at 30°C. Optimum growth temperature was 
25°C. No growth at 37°C.
(iii) Effect of hydrogen ion concentration on growth
Growth occurred in mineral medium with a pH between 5.5 and 8.5. 
Optimum pH was between 6.8 and 7.2.
(iv) Cell morphology
The cells were non-motile, nonflagellated and pleomorphic (Figs 
10a-g), Both coccoid, long slender, and constricted forms were observed 
in cell preparations of all strains. Clumped cells were also commonly 
observed (Fig 10b). The constricted cells were seemingly rods which were 
undergoing cell division by constriction (Stanier,1942a,b). It is possible 
that the various cell shapes represent different stages of a definite cell 
cycle following the pattern coccoid — rods - constricted forms — coccoid 
forms. These various pleomorphic forms were more common in solid cultures, 
Long slender, sometimes filamentous forms predominated in liquid cultures. 
Pericellular strands similar to structures observed on cell surfaces of 
Cytophaga johnsonii (Follet & Webley, 1965) were observed on cells taken 
from 24 hour colonies on solid media (FiglOd). The strands were absent 
on cells of the same age in liquid cultures. The function of the strands 
is still not known though it would seem they could be playing some anchoring 
roles on solid surfaces during constriction. Flexing movement was not 
observed in hanging drop cultures of all the strains but gliding motility 
was observed at points of contact between cavity slides and coverslips.
Figs.1Oa-1Og: Electronmicrographs of Cytophaga saccharophila 
negatively stained with PTA.
10a. A cell just starting to constrict at two points and 
surrounded by a film of electron-dense slime layer. 
From Nutrient agar plate. x 37800*
>
10b. Clump of cells. From Nutrient agar plate. x 37800.
10c. A fully-constricted cell surrounded by an electron-dense 
polysaccharide slime. From NA-plate. x 37800.
1Od. Two cigar-shaped cells embedded in an electron-dense
slime and revealing the presence of a pericellular strand 
of unknown function. From NA-plate. x 37800
10e* A cell undergoing division by constriction. Prom NA-plate.
x 32U00.
10f. Coccoid cells, probably young daughter cells, usually 
common in cultures from solid media. Prom NA-plate.
x 37800
1Og. Typical long cells commonly observed in cultures from 
liquid media. Prom Nutiient broth. x 321+00.
The cells stained very faintly with Gramfs reagents, Preston £t al_
(1962) modification • No nucrocysts were observed in Gram-stained 
preparations.
Suspension of the cells in undiluted dimethylsulphoxide caused 
complete lysis of the cells.
(v) Na+ Tolerance.
All the strains grew well in media without any sodium chloride. 
Growth was comparatively poor in media containing 2% (w/v) sodium chloride 
and no growth was observed in any medium with a sodium chloride concentration 
greater than 2%,
(vi) Hydrolytic activity.
Starch was hydrolyzed by all strains. All the strains liquefied 
gelatin, were phosphatase positive but DNAase negative.
(vii) Physiological properties.
Hydrogen sulphide was produced by all the strains in tripple 
sugar iron agar. All the strains were oxidase positive and strongly 
catalase positive. Glucose was metabolized oxidatively in Hugh & Leifson 
medium.
(viii) Antibiotic sensitivity and sensitivity to pteridine compound.
All the strains were resistant to polymyxin B as observed for 
some strains of Cytophaga/Flavobacterium (Hendrie et_ al, 1968) but 
sensitive to 0/129 pteridine compound and Novobiocin, an observation 
thought to be most common in species of Vibrio (Hendrie et al, 1968).
Results of the sensitivity tests with other antibiotics are shown in Table 5.
(ix) Carbon and energy sources.
Carbohydrates were apparently preferred to other compounds as 
sources of carbon and energy. In addition to the carbohydrates listed in 
Table 5, fructose, cellobiose, maltose, sucrose, trehalose, melibiose and 
L-rhamnose were also utilized as sole sources of carbon and energy.
Growth was also observed in mineral medium containing the following 
polysaccharides as sole source of carbon and energy: cellulose, pectin, 
stachyose, carragheenan, galactomannan, gum arabic, arabinogalactan, gum 
xanthan (from Xanthomonas campestri. Sigma Chem. Co.), agar, agarose and 
carboxymethyl cellulose. There was no growth in any organic acid and>of 
the alcohols, only inositol served as sole source of carbon and energy. 
Mole % GC were determined as 36.1, 36.1, and 36.3 for 024, 028, and 030 
respectively.
(b) GROUP A : The non-pigmented agar-liquefying isolates.
(i) Colonial features.
The colonies were white and sunken in agar. In 4-7 day old 
cultures, the agar gel could be seen to be completely digested, leaving 
a hole surrounded by a white ring of bacterial growth (Fig 11 )* .
In 24-hour cultures, the colonies were just barely visible as pin-point 
depressions on the agar surface but they were butyrous and more easily 
removed than colonies of 3-7 day old cultures which had become distinctly 
mucoid. Moist nutrient agar plates were completely liquefied within 
about 10 days at 25°C. All the strains grew well on yeast extract agar, 
river water agar, mineral medium agar and blood agar, but not on MacConkey 
agar, SS-agar, DC-agar or brilliant green agar.
(ii) Effect of physical and chemical factors on growth.
When hot rooms or incubators were used, all strains were found 
to grow on nutrient agar plates or slants at temperatures between 4-30°C. 
7/11 strains grew at 37°C and nonfat 41°C. However when the effect of 
temperature on growth was reexamined using a constant temperature water 
bath, all the strains were found to grow at 42°C. These apparently 
contradictory results indicate that these organisms^ may be adversely 
affected by low relative humidities but can grow at elevated temperatures 
under moist conditions.
Optimum growth temperature for the isolates was 25°C. The 
isolates grew in media having a wide range of pH (5.Q - 8.5). The 
optimum pH for growth was between 6.8 and 7.2.
Fig. 11: A nutrient agar plate of Alteromonas galactanolvtica 
showing holes on the agar surface which resulted 
from the agarolytic activity of the organism.
Na' Tolerance.
Sodium chloride concentration above 2% (u/v) inhibited growth
of all the strains. Good growth was observed in media without any sodium
chloride added. Growth at 2% (w/v) sodium chloride was comparatively poor.
(iii) Cell morphology.
All the strains were Gram-negative, motile, short rods. Definite 
capsules were not observed in stained preparations. Electron-microscopic 
examination of negatively stained cells revealed a single, polar flagellum 
per cell. Cells not washed in dimethylsulphoxide showed an electron- 
dense pericellular zone, possibly the extracellular slime layer responsible 
for the mucoid consistency of the colonies,- The presence of a single 
polar flagellum was constant irrespective of whether the orgdhism had been 
grown in liquid media or on solid media (Figs 12a — 1 2g). •
(iv) Physiological & biochemical characteristics.
All the strains were oxidase positive. Only 3 strains showed
a very weak catalase activity, the rest were catalase negative. The
isolates were judged to metabolise glucose oxidatively on the grounds of 
the following observations: Slight acid reaction was observed in both 
0 - F tubes especially at the top of the tubes and along the line of 
inoculum when liquid paraffin was employed as a seal for the fermentation 
tube. liJhen cooled, molten vaseline was substituted for liquid paraffin, 
the slight acid reaction was only observed in the unsealed tube even 
though an equivalent amount of growth was apparent in both tubes. Distinct 
acid production was observed in culture plates of Hugh & Leifson medium 
incubated aerobically but noion plate cultures incubated anaerobically. 
Indeed no growth occurred on such plates. These observations seem to 
suggest that the isolates were potentially oxidative in their glucose 
metabolism but, being obligately aerobic, poor growth, with corresponding 
poor acid production, occurred in such poorly aerated conditions as are 
conventionally used for routine 0 - F tests.
(v) Sensitivity to antibiotics and 0/129 pteridine compound.
All the strains were resistant to 0./129 pteridine compound 
and to 2 units of penicillin G but susceptible to 10 units of penicillin G
Pigs. 12 (a-g): Electramicrographs of Alteromonas galactano-
lytica. The cells were negatively stained with 
PTA after washing with either phosphate buffer 
or 1Q% dimethylsulphoxide (DMS); the lafter 
treatment removed most of thfe extra-cellular 
polysaccharide slime.
12a. A cell with a single polar flagellum; Washed with DUS 
from 4-day KA-plate. x 54000
12b. Polar flagellated cells with electron-dense polysaccha­
ride granules; ./ashed in phosphate buffer, pH 7> from 
4-day NA-plate. x 28000.
12c. Cells with coi^led polar flagella; Washed in 1($ DMS 
from 4-day NA-plate. x 54000
123. A cell from a 2-day NA-plate culture; Washed in phosphate 
buffer, pH 7. x 32i|00
i - ' S
I2e* A cluster of cells from a 5-hay NA-plate culture; Washed 
in 10/a DtiS. x U8000.
12f. A polar-flagellated cell from a 10-day NA-plate culture; 
Washed in phosphate buffer, pH 7, x 321+00.
12g. A polar-flagellated cell from a l+-day nutrient broth 
culture; Washed in phosphate buffer, pH 7* x 321+00.
(Table 5).
(vi) Sources of carbon and energy and other characteristics.
All strains seemed to prefer carbohydrates to other compounds 
as sole source of carbon and energy. D-xylose, L-arabinose, D-glucose, 
D-galactose, D-fructose, sucrose, trehalose, maltose, cellobiose, lactose, 
succinate, citrate, glucosamine, N-acetylglucosamine and O-mannose, were 
utilized as sole source of carbon and energy. Among polysaccharides, 
agar, agarose carragheenan, arabinogalactan, galactomannan, gum arabic, 
cellulose, and gum xanthan uere also utilized. Only arginine was utilized 
among amino acids. Of the alcohols, inositol uas utilized. All the 
strains were DNAase positive, phosphatclse positive, amylase negative, 
gelatinase negative and without any constitutive arginine dihydrolase 
system. Hydtogen sulphide uas not produced in triple sugar iron agar. 
Nitrate uas reduced to nitrite. The mole % GC uas determined as 50.8 
50.3 and 50.8 for isolates 049/1, 049/2 and 050 respectively.
3.- DISCUSSIONS
a) The yellou pigmented agar-softening isolates.
The cultural and physiological characteristics of these isolates
are in accord uith the characteristics of the Cytophaga/Flavobacterium
cluster.- Although belonging to different orders (Breed et al, 1957)
members of the tuo genera possess overlapping characteristics especially
uith respect to motility, cultural characteristics and DNA base composition
and as a result are usually not easy to differentiate from one another
(Stanier, 1942a; Hayes 1963; Floodgate & Hayes 1963; Colwell & Gochnauer
&Mannhe«m
1963; Weeks, 1969). Recently, CalliesA(l978) investigated the possibility 
of differentiating Cytophaqa from species of Flavobacterium on the basis 
of the use of either ubiquinones or menaquinones as the sole respiratory 
quinones. The resultant neu groupings though remarkable in many uays 
still did not completely resolve the overlapping elements between the 
two genera. For example, even though these workers found that the majority 
of the lou GC ratio strains designated as Cytophaga or Cytophaga/Flavo­
bacterium used menaquinones, a feu of those uith high GC ratio also used 
the same type of quinone.
It is, houever, becoming a common practice for bacteriologists
agar-softening Cytophaga strains.
CHARACTERS RESPONSE
No of strains 
Yellow pigment 
Flagella 
Growth at 37°C 
Starch hydrolysis 
Gelatin liquefaction 
DNA^ase y 
Agar liquefaction 
Agar softening 
Catalase
Ornithine decarboxylase 
Nitrate reduction 
Growth on threonine 
11 M isoleucine
VI If • •arginine 
" " glucosamine
Sensitivity to erythromycin 15pg
" " chloramphenicol lOpg
" ’* polymyxin B 300 i.ju
11 11 Fucidin 5pg
" " 0/129 lOjig
n " methicillin lOpg
" 11 novobiocin 5jug
Alteromonas strains 
(Group A)
11
+
+
+
3
8
+
Cytophaga strains 
(Group B)
4
(■^excluding 025 and 026).
(with the exception of those in the medical profession) involved in this 
field, to regard all nonmotile, yellow or orange pigmented, aerobic rods 
with a mole percentage GC of 30-42 as belonging to the genus Cytophaga; 
and classically so if swarming, gliding or flexing motility and ability 
to degrade polysaccharides was observed (Weeks, 1969; Mitchell e^t al,
1969; Colwell et_ al, 1966; Lewin, 1969; Handel & Lewin, 1969 van der 
Meulen et_ al,1974). Since the observed characteristics of the agar- 
softening isolates are in line with this popular definition, it is 
thought that the strains should be placed in the genus Cytophaga.
Of the 4 strains, 024, 028 and 030 were phenetically indentical and 
are therefore considered to be isolates of the same species of Cytophaga, 
with a mole % GC range of 36.1 -(6^.3 or a mean of 36.16. The DNA base 
ratio of isolate 023 was not determined so that it is not possible to 
state whether it is a different strain of the same species or a different 
species altogether.
With the exception of the freshwater isolate, Cytophaga flevensis
puH.^ keJT
(van der Meulen et al, 1974), all know agar-degrading species of Cytophaga 
were isolates from marine habitats (Stanier, 1942a, Humm, 1946, Chan & 
McManus, 1969, Veldkamp 1961, Lewin, 1969). The present isolates appear 
to be significantly different from all the well described agar-degrading 
isolates both in nutritional characteristics as well as DNA bas^composition 
(Table 7). The only Gram-negative, yellow pigmented, aerobic bacteria 
presently known to have mole % GC of 36.1 are organisms designated as 
Flavobacterium meningosepticum (NCTC 10588) and Flavobacterium group 
lib (NCTC 10797). These strains also differ significantly from the present 
isolates (Table 8). In addition, they are thought to be associated with 
human patients (Owens et al, 1974; Greaves. 1966; Olsen, 1969; Olsen &
Ravn. 1971) and are not known to soften agar.
Since the freshwater agar-degradinq isolates appear to be be different 
from any known organism it is considered appropriate to assign it a new 
species name - Cytophaga saccharophila.
Cytophaga saccharophila noU. sp. sac cha ro phi la Gr. noun Sacchar, 
Sugar, Gr. Adj philus, loving F.L. adj saccharophila, sugar loving.
Rods; approximately 0.5 to 0.7 x 2.5 to 6.0 jab cells occurring singly or 
in clumps. In older cultures, especially on solid medium, cells may be
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Table 8 A comparison of the characters of ffitophaga ' saccharophila with 'thech&racters 
of some Flavobacteria spp with mole % GC of '36.1. • _ ' '
CHARACTER
DNA Base (mole % GC) 
Anaerobic growth 
Aerobic growth 
Pigments 
Growth at 22°c 
Growth at 37°C 
Indole 
Phosphatase
h 2s
Sensitive to:
Penicillin (2 units) 
Polymyxin (300 i.u) 
Acid from glucose 
VP test
n o3— > n o2
Starch hydrolysis 
Gelatin hydrolysis
NCTC 10797
36.1
+
+
Orange-yellow 
+
+
+
+
+
NCTC
36.1
+
+
yellow
+
+
+
+
+
C.S acharophila
36.1 - 36.3
+
yellow
coccoid and rods may be straight or constricted. Slender rods and 
filamentous forms predominate in liquid sultures. Gram-negative, non­
flagellated, gliding motility may be observed when cells are in contact 
with solid surfaces. No microcyst formation has ever been recorded.
Colonies on nutrient agar : 1-2mm diameter, convex, glistening, slimy, 
yellow and opaque, becoming transluscent with age especially at the 
periphery. Spreading growth occassionally observed on moist medium.
On properly dried nutrient agar, colonies are sunken in shallow craters 
as a result of agar-degrading activity. Agar softened.
Nutrient broth : good growth in one-eighth strength. Poor growth in 
full strength. No pellicle formed.
Indole, negative.
Acetylmethylcarbinol, not produced.
Hydrogen sulphide, produced from triple sugar iron agar.
Phosphatase, positive.
DNAase, negative.
Gelatin, liquefied.
Starch, hydrolyzed.
No haemolytic zones on blood agar.
Methylred, negative.
Tween 80, not hydrolyzed.
Egg yolk reaction, negative.
Nitrate reduced to nitrite.
No constitutive arginine dihydrolase system*
Acid but no gas from glucose.
Glucose metabolised oxidatively.
Carbon and energy sources : D-glucose, D-galactose, D-fructose, D-mannose, 
D-xylose, L-arabinose, L-rhamnose, lactose, sucrose, maltose, cellobiose, 
melibiose, trehalose, raffinose, stachyose, agar, agarose, starch, pectin,
■~V
carragheen^"!, arabinogalactan, gum arabic, gum xanthan, galactomannan. 
Inorganic nitrates and ammonium salts utilized as sole sources of nitrogen. 
Oxidase, positive.
Catalase, positive.
■§ strains decarboxylate lysine.
Growth temperature range : 4°C - 30°C.
Growth temperature optimum 25°C.
Growth pH optimum 6.8- 7.2*
Sensitive to tetracycline (lOug), streptomycin (lO^g), fucidin (5p.g), 
novobiocin (5pg), 0/129 (iCjig), penicillin G,10 units.
Resistant to : polymyxin B, 300iu, chloramphenicol 10^g, penicillin G 
2 units, methicillin 10jxg, neomycin lO^ jig, trimethoprim 1.25 units, 
sulphafurazole 100|ig.
Obligately aerobic.
Source : isolated from River Uey near Guildford, Surrey, England.
Habitat : Freshwater, especially on sediments.
Type j strain 024.
b) The non-pigmented, motile, agar-liquefying isolates.
All the major characteristics of the agar-liquefying isolates,
flagellate pattern, oxidase reaction, sensitivity to polymyxin, respiratory 
metabolism and obligatory requirement for oxygen, suggest that the isolates 
are pseudomonads and similaf to Pseudomonas group IV of Shewan et_ al (1960). 
On the basis of the ability to utilize arginine as sole source of carbon 
and energy without any constitutive arginine dihydrolase system, the strains 
resemble Pseudomonas multivorans group of Stanier at (1966). However, 
the mole % GC of 50.3 - 50.8 is much lower than the range of 58 - 78 
acceptable for the genus Pseudomonas (Handel, 1966; Palleroni at al, 1972, 
Lee et al, 1973, Buchannan et_ al 1974).
The genus Alteromonas was first suggested by Baumann at al.’ (1972) 
to include all pseudomonads with mole % GC between 43 and 48. Despite 
this defined range, pseudomonad strains with mole % GC of 49 were also 
included in their new genus while other pseudomonads with a mole % GC 
of about 50 were left unclassified for no apparent reason. Lee, Gibson 
and Shewan, (1977), later redefined the new genus to include all pseudo­
monads with a mole % GC of between 40.1 and 54.7. Since the mole % GC 
of the agar-liquefying strains fall within this range, they may be deposited 
with confidence in the genus Alteromonas. The new Alteromonas strains 
resemble phenon E of Lee at al (1977) except for their inability to produce 
hydrogen sulphide or to reduce trimethylamine oxide to trimethylamine. 
However, since these two biochemical phenomena are indices of protein 
putrefaction, it is not at all surprising if they are ^ inapplicable to 
species that are not notably proteolytic.
It is quite possible that agar-degrading species of Alteromonas 
might have been encountered previously but were either classified as 
Vibrio species or Pseudomonas species (Table 2 ) .  Recent re-examination 
of some of these previous isolates (Hendrie, personal communication) 
has shown for example that Vibrio aqar-liquefaciens (Gray & Chalmers,
1924) is definitely not a Vibrio species judging from its characteristics 
but rather resembles Alteromonas. Also the mole % GC of Pseudomonas 
atlantica (NCHB 301) falls below the range acceptable for Pseudomonas 
but within the range that has been defined for the genus Alteromonas 
(Lee et al, 1977, Handel, 1966). Nevertheless since these earlier 
isolates were poorly described, it is not possible to make any compre­
hensive comparison between them and the freshwater agar-liji^fefying 
isolates. Two recent agar-liquefying isolates, NCIB 9491 (Hitchell at al 
1969) and NCIB 1914 (v. Hofsten eib al, 1975) were included in this 
characterization exercise for direct comparison. The mole % GC of both 
organisms fall within the range definitive for the Alteromonas although
they were designated respectively as h lavoDactenum species and a bram- 
negative bacterium. It was found that in pure culture, NCIB 9491 was 
not definitely yellow-pigmented. The colonial appearance rather simulated 
the colour of autoclave tape (beige) and is described here (Fig 5) as 
grayish-yellow. The organism was also unique in producing growth that 
was rough and brittle, not easily homogenised in sterile water and in 
'\Q% dimethylsulphoxide; also pellicular in nutrient broth. The observed 
differences between the present freshwater isolates, NCIB 9491 and NCIB 
1914 are summarised in Table 9.
In view of the apparent lack of identity of the freshwater isolates 
to any sufficiently described Alteromonas species, these isolates have 
been assigned tentatively a new species name - Alteromonas galactanolytica. 
The distinguishing characteristics between Alteromonas galactanolytica 
and other strains of Alteromonas, including the violacein—producing 
isolate of Gauthier (1976) are shown in Table 10.
Alteromonas galactanolytica nov. sp. ga, lac. tano*ly. ti. ca. 
polysaccharide of galactose. Gr. adj. lyticus, dissolving M.L. adj. 
galactanolyticus. Rods: with rounded ends 0.6 to 1.2 x 1.4 to 3.0mm 
occurring singly or in clusters, Hotile*polarly flagellated. Gram 
negative. No demonstrable capsules. Grows in media without added sodium 
chloride. Does not grow in the presence of more than 2% sodium chloride.
Colonies on nutrient agar : White and sunken in agar. Agar dissolved. 
Slimy. No diffusible pigment. Not fluorescent.
Nutrient broth : Turbid with no pellicle formed.
Indole not produced.
Acetylmethylcarbinol, not produced.
Starch, not hydrolyzed.
Gelatin, not liquefied.
Hydrogen sulphide, not produced.
Trimethylamine oxide, not reduced to trimethylamine.
Table 9 A comparison of the characteristics of Alteromonas sp with the characte:
istics of NCIB 1914 and NCIB 9491
CHARACTERS
Range of mole% GC 
Growth at 37°C 
Growth at 41°C 
Phosphatase 
DNA ase
Ornithine decarboxylase 
Pellicle formation 
Utilization of; 
Threonine 
Aspartate 
Sensitive to;
Novobiocin
0/129
Trimethoprim 
Polar flagella
Alteromonas sp 
(NCMB 2062)
11 strains.
50.3-50.8 
+(7 strains)
+(8 strains)
NCIB 1914
50.5
+
NCIB 9491
51.2
+
+
+
+
+
+
+
+
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Oxidation/Fermentation of Glucose s weakly oxidative but difficult to 
ascertain by the conventional method in Hugh and Leifson*s medium.
Acid, but no gas, in glucose peptone water.
Optimum growth temperature, 25°C,
Optimum pH range of growth 6.8- 7.2*
Carbon and energy sources s D-galactose, D-fructose, D-glucose, D-mannose, 
D-xylose, L—arabinose, L—rhamnose, lactose, sucrose, maltose, cellobiose, 
melibiose, trehalose, raffinose, succinate, N-acetylglucosamine, glucos­
amine, inositol, stachyose, agarose, agar, carragheenan, cellulose, 
arabinogalactan, gum arabic, galactomannan, gum xanthan.
Nitrogen sources : Nitrates, ammonium compounds (poorly), arginine, peptone 
tryptone, yeast extract.
Acid from glucose, lactose, sucrose, arabinose, maltose, xylose, cellobiose 
galactose, dextrin, raffinose and trehalose.
Nitrate reduced to nitrite.
Oxidase, positive.
Some strains only weakly catalase positive.
No constitutive arginine dihydrolase system.
Ornithine decarboxylated by some strains.
Egg yolk reaction, negative.
No levan formed in sucrose medium.
No haemolysis on blood agar plates.
DNAase, positive.
pnospnatase positive.
Sensitive to erythromycin 15p/g, Chloramphenicol 10^g, polymyxin B 300i 
novobiocin 5p.g, penicillin G 10 units, methicillin 10pg, neomycin 10p,g
Not sensitive to fucidin 5pg, 0/129 10p.g, penicillin G 2 units, 
trimethoprim 1 .25 units, sulphafurazole 100jig.
Dole % GC 50.3 - 50.8.
Obligately aerobic.
Source : isolated from the River Wey, near Guildford, Surrey, during 
Summer period.
. Habitat : freshwater*particularly on bottom sediments.
Proposed Type : Strain 049/1 s The strain has been deposited at the • 
National Collection of Industrial and Marine Bacteria, Torry Research 
Station, Aberdeen, Scotland as NCMB 2062.
I V  H b  I U U Y  u r  r l L  I h U U b  U L  L a  I n M L  I lU lM  U f  I M L  H b M K -  U L b K H U l I M b  LIMZ. Y l I t b  H N U  b U I ' I L
OF THE PHYSICAL AND CHEMICAL FACTORS WHICH INFLUENCE THEIR PRODUCTION.
1, Materials and Methods
a) Strains of Bacteria '
The two type strains of the two groups of agar-de^rading isolates 
were used, namely; Alteromonas galactanolytica strain 049/1 (NCMB 2062) 
and Cytophaga saccharophila strain 024. Where only one of these strains 
uas used as a source of agarase in a particular experiment, the strain 
uill be indicated. ' •*
h) Buffer solutions.
J
Phosphate buffer solutions uere prepared from stocks of 0.2M 
Na^HPO^ (Analar) and 0.2M NaH2P0^ (Analar). Citrate buffer solutions 
uere prepared from stocks of 0.1M citric acid (Analar) and 0.2M Na^hlo^#
c) -Culturing of Bacteria and preparation of agarase-containing 
cell-free culture fluid.
The organism uas cultured in 250ml Erlenmeyer flasks containing 
150-200mls of basal mineral medium (see Section III) supplemented uith 
0,2% (w/v) agar (Oxoid No.3), Incubation uas at 25°C on a rotary shaker 
at 150rpm for 5-10 days. Cellfree culture fluid uas obtained by centri­
fuging the culture at 3000rpm for 20 minutes. For routine, extraction 
and assay of enzyme activity, 1agarase'*1 uas precipitated from the result­
ing cellfree extract uithout further treatment (Scheme I). Where a more 
concentrated enzyme preparation uas desired, the cellfree extract uas 
concentrated by freeze—drying and then reconstituted in about 1/20 its 
original volume uith phosphate buffer (0.005^), pH 5.6 (Scheme 2).
d) Assay of Agarase1 activity.
(i) Assay reagents
A: Agarose (Sigma Chem. London) Solution : 1.25mg/ml in 0.005W'
* fagarase* commonly used to denote agar—degrading enzyme. The 
name is not recognised by Enzyme Commission.
Scheme1:For routine Agarose Extraction
r ~
Supernatant 
(discard)
Culture Fluid
centrifuge £000 rpm 15mins
1
Supernatant
r
Sediment
(discard)
+0*2yoI 2*5/oCdrimidet 
centrifuge £000rpm 10rinins
Supernatant
2 Yols-acetone at 0°C  
stand for30mins' in cold room 
centrifuge £000rpm 5mins*
(dfsPcard)
n . .
Precipitate 
colled in PG£buffer (0*005M) pH 6*£
i
CRUDE AGARASE
SCHEME 2 * Preparation of concentrated agarase
SHAKE CULTURE (500ml)
Centrifuged 3000rpm, 20mins*
CELL SEDIMENT
c r
SEDIMENT
I UPERNATANT
freeze-dried 48hrs
d r ie d  Extract
o-ooJM
collected in PCjr' buffer.pH 5 6 (50ml) 
A
centrifuged 4000 rpm, 15mins-
lSUPERNATANT
♦ cold acetone (100ml)
centrifuged 7000rpm,15mins- after 30mins 
in the cold room-
SEDIMENT
1
SUPERNATANT
colled in PO£ buffer, pH 6*4 (50ml)
AGARASE extract
adsorbed on Biogel A**5m £
[eluted with citrate buffer* Fractions pooled, lyophilized 
'& collected in phosphate buffer. pH 6*4 (25ml)
PURIFIED AGARASE
phosphate ourrer, pH b,4.
— 1
B: Alkaline copper sulphate solution containing (gm. litre ) 
anhydrous sodium carbonate, 40; glycine, 16 and copper sulphate (hydrated), 
0,45.
C: Neocuproine (2, 9 - dimethyl -1, 10 - phenanthroline (Sigma 
Chem, London), 0,12% (Li/V/) aq,
(ii) Assay procedure
The assay procedure uas fundamentally that of Dygert et al 
(1965)*0.5ml sample uas mixed uith 0,5ml agarose and then made up to 2ml 
uith 0.01M phosphate buffer, pH 6,4, The reaction mixture uas incubated, 
uith occasional shaking, at 28°C in a uater bath. The reaction uas 
stopped after 1 hour by the addition of 1ml of 2.5% (lii/V aq) cetyltri- 
methylammonium bromide(cetrimide); and 2mls of alkaline copper sulphate 
solution. The uhole mixture uas shaken vigorously and any precipitate 
of undegraded agarose uas removed by centrifugation at 4000rpm for 15 
minutes. To determine the amount of reducing compound in the super­
natant, 2mls of the neocuproine solution uas added. The mixture uas 
heated in a boiling uater bath for 10 minutes and then quickly cooled 
under running uater tap. The resulting orange colour uas indicative of 
the presence of reducing compounds and uas estimated quantitatively by 
measuring the absorbance at 450nm on a Unicanq(SP600) spectrophotometer. 
Reference blank uas a solution consisting of 1,5ml buffer ♦ 0.5ml agarose 
under the same conditions and treated in the same manner as the enzyme— 
substrate mixtures uith 1ml cetrimide, 2ml copper sulphate colution and 
2ml neocuproine solution. A standard curve for the absorbance of the 
neocuproine reaction products uas prepared using D-galactose (Fig 13).
1 unit of agarase activity uas taken as the amount of agarase uhich 
released IjJmole of D- galactose equivalents in 1 hour, at 28°C, in phosphate 
buffer pH 6.4.
e) Detection and Assay ofq and (3-Galactosidase activities.
0.5ml of enzyme sample uas mixed uith 0.5ml of either o—nitro— 
phenyl-c^-D-galactopyranoside (1 SjjPloles/ml) in 0.005M phosphate buffer, 
pH 7.0 or o-nitrophenyl-p-D-galactopyranoside (20jJM/ml). Both galactosides 
uere obtained through Sigma Chemical C. (London). The enzyme-galactoside
. 
Fig 
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mixtures were maoe up to zmis witn u.uin pnospnate Durrer, pn t.u anu 
incubated at 28°C. The incubation was terminated after 1 hour and in 
some cases after 24 hours, by the addition of 5 drops of 1.0M sodium 
carbonate solution* Galactosidase activity was indicated by the appear­
ance of a yellow colour (due to the ionized form of o-nitrophenol) 
following the addition of the carbonate solution and this was estimated 
quantitatively by measuring the absorption at 420nm on a Unicam (SP600) 
spectrophotometer. The reference blank was a mixture made up of 1.5ml 
phosphate buffer + 0.5ml of the corresponding galactoside incubated 
over the same period of time and subsequently treated with 5 drops of 
sodium carbonate solution.
Standard absorbance curve of the colour reaction (Fig 14) was prepared 
using the absorbance of standard solutions of O-nitrophenol (Analar) 
in li.-j&ft sodium carbonate. 1 unit of a-or p-Galactosidase activity was 
taken to be the amount of enzyme which liberated fym of o-nitrophenol
in 24 hours at 28°C in phosphate buffer, pH 7.0.
f) Determination of total protein.
With the exception of chromatographic fractions in which total 
protein was estimated by measuring the absorbance at 280nm (Unicam SP500), 
estimation of total protein was carried out according to the method of , 
Lowry jet al (1951). In this procedure, absorbance of the resulting 
colour reaction was measured at 750nm instead of 550nm. Standard solutions 
of bovine serum albumin were used for preparing a reference absorbance 
curve (Fig 15).
g) Determination of total carbohydrate.
The total carbohydrate content of enzyme preparations was 
estimated with phenolsulphuric acid reaction mixture using the procedure 
of Dubois, Gilles, Hamilton, Rebss and Smith (1956).
h) Survey of methods for optimal precipitation of Agarase1 from
cell-free culture fluids.
(i) Precipitation with ammonium sulphate.
The cell-free extract was brought to 80^ saturation with solid
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ammonium sulphate (Analar) at room temperature. The resulting precipitate 
was collected by centrifugation at 7000rpm for 15 minutes and suspended 
in 1/10 its original volume of phosphate buffer (0.005lv]), pH 6,4, The 
suspension was dialysed against distilled water for 15 hours and assayed 
for agarase activity,
(ii) Precipitation with cold acetone,
2 volumes of prechilled acetone (Analar) was added to a measured 
volume of the cell-fluid extract. The mixture was left standing either 
in an ice bath or in a cold room for 30 minutes. The resulting precip­
itate was collected by centrifugation at 7000rpm and reconstituted 
in O.OOSM phosphate buffer (1/10 volume), pH 6,4,
’ Alteromonas galactanolytica was used as the source of agarase,
(iii) Precipitation with cold ethanol.
The prodecure was the same as with acetone except that 3 
volumes of ethanol was employed,
(iv) Effect of some protein stabilizing agents on recovery of 
agarase activity during precipitation.
The effect, on agarase recovery during precipitation, of the 
following agents previously reported to stabilize proteins was investigated:- 
bovine serum albumin (Mitsuhiro £^8^1971), dithiothreitol (Cleland, 1964), 
dimethylsulphoxide (Greiff and Myer, 1961; Hoppel and Cooper, 1968),
Calcium ions (Gorini, 1950), 2-mercaptoethanol(schizuta et al, 1969) 
and manganese ions (Gorini and Felix, 1953; Mohamed and Greenberg, 1945), 
Bovine serum albumin, dithiothreitol, dimethylsulphoxide and mercapto- 
ethanol were added to cellfree extracts before the addition of precipitants 
at a final concentration of 0,01^ (lii/U or V/v). The metal salts were 
added to a final concentration of 0,001^ (lij/v),
i) Purification of agarase extracts by affinity chromatography.
Partially purified agarase (precipitated and reconstituted) 
was adsorbed on Biogel-A5m, which is essentially agarose beads, and
eiutea wirn Durrer# ine column was prepared Dy pouring zuumis or w e n — 
shaken Biogel (Bio-Rad Lab California) into a glass column, 2.5cm diameter 
to give a final height of 40cm. The gel column was washed repeatedly 
with 0.01N citrate buffer pH 4.4 until the effluent gave a steady pH 
reading of 4.4. 15-20mls of enzyme preparation was introduced onto the
column and allowed 10-20 minutes at room temperature to adsorb on the 
gel matrix before the column was transferred to a cold room. During 
the adsorption period, a close watch was kept on the column to ensure 
that the gel matrix did not dry up excessively. If cracks developed 
due to excessive drying they were eliminated by adding more buffer 
solution and shaking the column gently until all cracks and bubbles 
disappeared.
Sample elution was carried out in the cold room with 0,0101 citrate 
buffer using 200ml each of buffer pH 4.4, 5.3, 6.3 and 7.3 in that order. 
20ml fractions were collected with the aid of an automatic fraction collecti 
Griffin, London). The protein content of each fraction was estimated
at 280nm. Total carbohydrate was determined according to the method of 
Dubois et_ al (1956). Agarase activity and galactosidase activities were 
assayed as previously described.
Fractions showing agarase an^/or galactosidase activity were pooled, 
mixed with the appropriate amount of dithiothreitol and freeze-dried.
The resultant material was either stored in the freeze-dried form or 
■reconstituted with 0.0051*1 phosphate buffer pH 6.4 for immediate use.
j) Immobilization of agarase preparations or whole cells of aqar- 
deqradinq bacteria on polyacrylamide gel.
When whole cells were used for immobilization, the bacteria were 
grown on nutrient agar plates and then suspended in phosphate buffer, 
(0.0051*1) pH 6.4. Immobilization experiments were performed with whole 
cells as well as cell-free culture fluids and partially purified (acetone 
precipitate) agarase preparations.
The enzyme sample or cell suspension (10ml) was mixed with bovine 
serum albumin acting as a protective agent to give a final concentration 
of 20mg bsA/ml of enzyme solution prior to immobilization. To this was 
added 10ml of polyacrylamide reagent made up of 20% (w/v aq) acrylamide 
and 556 w/V aq N? N-methylene-bis-acrylamide (MBA). Immediately following
the addition of 5% ammonium persulphate (1.5ml)j the whole mixture was 
quickly emulsified in an ice-jacketed homogeniser pot containing 100ml 
toluene, 40mls of chloroform and 0,2ml of tetramethyl-1:2-diamino ethane. 
Polymerization was usually complete within 20-35 minutes at room temp­
erature, The gel was then cut into 5 approximately equal pieces and 
washed repeatedly first in distilled water, then in 0.005M phosphate 
buffer, pH 4.5.
Each of 3 pieces was taken into 10ml of agarose solution (1.25mg/ml) 
and incubated by rotary shaking at 25°C, 0.5ml portions of the substrate
was withdrawn at 1 hour intervals and assayed for reducing compounds by 
the methods previously outlined. The remaining two pieces of the gel 
were used for the assay of^-and p-galactosidase activities.
k) Effect of temperature on growth and production of agarase.
The isolates were cultured in basal mineral medium (20ml) supplemented 
with 0.2?6 (U/v) agar (Oxoid) at temperatures ranging from 8°C to 60°C 
for 5 days. Growth was estimated by measuring the optical density at 
546nm on a Unicam (SP600) spectrophotometer. The cultures were centri­
fuged and agarase was precipitated from each supernatant with cold acetone 
(2 volumes). The precipitates were reconstituted in 0.0051*1 phosphate 
buffer, pH 6.4. Agarase activity was assayed in each preparation as 
already described.
l) Effect of hydrogen ion concentration on agarase production.
20mls of mineral medium, (in Universal bottles) supplemented with 
0.2J& (u/v) agar (Oxoid) was adjusted to different pH values with the 
phosphate buffer stock solutions and inoculated with 2ml suspensions 
of the agar-degrading isolates. The cultures were incubated at 25°C 
for 5 days. Growth was determined by measuring the optical density 
of the tube cultures at 546nm. Agarase was extracted from cell-free 
extracts and assayed as previously described.
m) Effect of nitrogen sources on growth and agarase production.
The effect of some nitrogen sources, namely nitrate (as Na ), 
peptone, yeast extract, ammonium sulphate, and arginine, on agarase 
production was investigated. These compounds were added at O02% (w/V)
to Dasal mineral medium in which the sodium nitrate component was omitted. 
0.2% (lil/v) agar (Oxoid) served as the carbohydrate source. The pH of 
all media was adjusted to 7.2. The media were inoculated with suspensions 
of the organisms (2ml) which were grown on nutrient agar plates and washed 
once by centrifugation in sterile phosphate buffer (0.01N), pH 7.2. The 
cultures (200ml) were incubated at 25°C on a rotary shaker for 7 days. 
Optical density, agarase activity and total protein measurements were 
made initially, after 24 hours and subsequently after every 48 hours.
Assay of agarase activity and determination of total protein were carried 
out on 10ml aliquots asceptically withdrawn from the shake-cultures.
The samples were centrifuged and precipitated with cold acetone as already 
outlined.
n) Effect of metal ions on growth and agarase production.
The influence on growth and agarase production, of some metal ions 
which are commonly incorporated into media for culturing agar-degrading 
organisms was investigated as follows. The metal ions: Mg** (as SO^)
Mn** (as S0|), Fe** (as S(£), Ca** (as Cl” ), K+ (as Cl”), and Na* (as Cl” ) 
were added to sterile, distilled and deionised water (20ml) in Universal 
bottles and containing (%ld/v), agar, 0.2 and ammonium nitrate 0.2. The 
universal bottles were numbered one to eight. All the metal ions, each 
at a final concentration of 0.006% (u/\/) were added to the basal medium 
in No.1 bottle while the No.8 bottle contained none of the metal ions.
To each of the remaining bottles were added all but one of the metal 
salts. All the media were sterilised by autoclaving after the pH had 
been adjusted to 7.2. The media were inoculated with the test organisms 
cultured on nutrient agar plates and washed once in sterile, distilled 
water. The cultures were incubated at 25°C for 7 days after which 
growth, total protein and agarase activity of cell-free extracts were 
measured as previously described.
2, Results
The recovery of significant agarase activity from the extracellular 
fluids of the agar-degrading isolates demonstrates that the agar—degrading 
enzymes are liberated into the medium. Precipitation of the enzyme 
with ethanol led, on the average, to 24% protein removal; 78-71% reduction 
in total carbohydrate and a recovery of agarase activity of 267%. The 
specific activity of the agarase so obtained was about 154 units/mg protein
(Table 11). Precipitation of the enzyme with ammonium suipnate ±ea to 
a loss of activity of about 24% despite a reduction of total carbohydrate 
and total protein of about 85% and 14% respectively. The low level of 
activity obtained by this method is thought to reflect some considerable 
loss of activity during the dialysis of the precipitate. Precipitation 
of the extracellular agarase with acetone led to about 22% reduction of 
total protein; 82% reduction of total carbohydrate and a 313% recovery 
of •agarase* having a specific activity of about 209. Both high specific 
activity and high recovery of agarase activity were used as criteria for 
assessing the efficiency of the various extraction methods and it is 
apparent from Table 11 that precipitation with cold acetone was the 
method of choice.
Affinity Chromatography.
The partially purified agarase (acetone precipitate) of Alteromonas 
qalactanolytica showed two elution peaks on Biogel A-5m (Figi^_). The 
fraction eluted at pH 4.4 had a high carbohydrate content and a low 
specific activity. The fraction eluted at pH 5.3 (5.6 with phosphate 
buffer) showed a reduction in reducing carbohydrate of about 90% compared 
with that of the sample applied. It also had a high specific activity 
(about 114) which indicated that it was comparatively highly purified.
The two-fractions do not necessarily represent different enzyme fractions 
but seem, more likely to indicate a carbohydrate-bound fraction (pH 4.4) 
and a free fraction of the same enzyme. The elution pattern of the cell- 
free culture fluid (Fig 17 ) was essentially the same as that of the 
partially purified agarase. The main difference was the presence of an 
additional carbohydrate peak at pH 4.4, which seemed to represent the 
presence of some low molecular weight reducing carbohydrates.
The extracellular (partially purified) agarase of Cytophaga saccharophila 
showed three elution peaks; at pH 4.4, 6.3, and 7.3 (Fig 18). The 
fraction eluted at pH 4.4 was again thought to be substrate-bound agarase.
The fractions eluted at pH 6.3 and 7.3 were considered to be free—enzymes 
on account of their low content of total carbohydrate. The two fractions 
seemed to represent two different molecular forms of the agarase system 
since they showed different degrees of hydrolytic activities towards 
and p-o-nitrophenylgalactosides.
Activity of the immobilized Agarase
The immobilized agarase of the Alteromonas sp showed a loss of
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activity of nearly 74% (Table 11) compared with the activity of the crude 
cell-free culture fluid. It is suspected that most of the activity 
was lost through heat-denaturation of the enzyme during polymerization 
of the enzyme-acrylamide mixture. It is also possible that the low 
level of activity recorded was a reflection of (i) the inability of a 
high molecular weight substrate (agarose) to penetrate the gel matrix 
and hence come contact with most of the trapped enzyme molecules 
during the assay process or (ii) a significant alteration of the con­
formation of the enzyme molecule during the immobilization process such 
that the immobilized enzyme possessed only residual activity functions.
Effect of the addition of protein stabilizers on the recovery of activity.
The percentage recovery of agarase activity during precipitation 
with acetone, which could be attributed to the influence of protein 
stabilizers is shown in Table 12, Addition of mercapto-ethanol caused 
the total loss of agarase activity. Addition of a manganese salt led 
to a marginal loss of activity while calcium salt led to a marginal 
increase in recovered activity. There was some significant, though 
by no means dramatic, increase in activity recovered following the addition 
of bovine serum albumin and dithiothreitol..
Effect of temperature and hydrogen ion concentration on growth and 
production of agarase.
The extracellular agarases of both isolates were produced at what­
ever conditions of pH supported growth of the organisms. The optimum 
temperature for the production of agarase by the Alteromonas sp was 25°C 
(Fig 19) and by the Cytophaga sp, between 20 and 25°C (Fig 20). The pH 
optima for production of agarase by both organisms were found to be 
between 6.8 and 7,2 (Figs.2T and 22).
Effect of nitrogen sources on production of agarase.
Plots of growth and production of agarase with time in agar medium 
containing the various nitrogen sources are shown in Figs. 23 a-j. The 
Alteromonas sp grew rather poorly in an agar medium containing ammonium 
sulphate as nitrogen source while sodium nitrate and arginine, serving' 
as nitrogen sources encouraged good growth and a correspondingly high 
level of production of agarase. Peptone and yeast extract also served
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as good nitrogen sources for producing agarase but the large amount of
nitrogen sources usually meant that elaborate fractionation procedures 
were required before a fairly pure enzyme could be obtained. As a 
consequence peptone and yeast extract were rarely used as sources of 
nitrogen in media used for cultivating the organism.
Cytophaqa saccharophila, did not grow in agar-medium containing 
arginine as a nitrogen source and it grew only poorly in the same medium 
containing 0.2$ (W/V) peptone, though it was observed that 0.1$ (w/v) 
peptone favoured the growth of the organism. Yeast extract served as 
a good nitrogen source for the production of agarase by the organism 
(Table 14) but for the reason already given in the case of the Alteromonas 
sp, was not considered a suitable source of nitrogen for the production 
of agarase. Unlike the Alteromonas strain, the Cytophaga strain grew 
well and produced high level of agarase in an agar medium containing* 
ammonium sulphate as the source of nitrogen but like the Alteromonas, 
grew well also and produced agarase with sodium nitrate as a source of 
nitrogen. It was thus possible to construct a common medium for the 
two isolates, employing sodium or other monovalent nitrates as the 
source of nitrogen.
Influence of metal ions on the production of agarase.
Growth, and consequently production of agarase, was poor on media 
based on deionized water containing metal ions, ammonium nitrate as 
nitrogen source and agar as a carbon source except in the absence of
Agarase was not detected at all in a medium without manganese ions 
while only a minute amount of agarase was detected in a medium without 
magnesium ions. The organism grew exceptionally poorly in media containing 
no manganese, magnesium or potassium salts.
The Cytophaqa sp grew appreciably better in the deionized water 
media compared with the growth of the Alteromonas sp in the same media.
The organism did not produce any detectable agarase in a medium without 
any added metal ions and in a medium to which a manganese salt had not 
been added (Table16 '). The lowest level of agarase activity was produced 
in the medium which did not contain iron.
non-enzyme protein (Table 13) inevitably present in media containing these
sodium chloride
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3. Discussion
Both cultural observations, using the iodine staining techniques, 
and analytical results obtained with cell-free extracts strongly indicate 
that the agar-degrading enzyme systems of the isolates are extracellular. 
This observation is in accord with the established location of the agarases 
of Pseudomonas atlantica (Yaphe, 1966), Cytophaga sp, NCMB 1327 (Turvey 
and Christison, 1967S) and some periphytic marine bacteria (Corpe and 
Winters 1972), Other bacterial agarases, on the other hand, have been 
reported to be either partially or entirely bound to cell walls (Duckworth 
et al, 1969a; Turvey and Christison 1967a; Corpe and Winters, 1972) or 
bound to Cytoplasmic membranes (Day and Yaphe, 1975; Groleau and Yaphe, 
1977), Extracellular enzymes are usually regarded as those enzymes which 
are completely dissociated from cells and found free in the medium (Priest, 
1977), However, the distinction between cell wall or membrane-bound enzymes 
and extracellular enzymes is often not clear-cut since enzymes may be 
bound to cell walls or membranes in young cultures and later released into 
the medium during the stationary phase of growth (Cercignani et al, 1974),
It is therefore possible that the conflicting observations reflect diff­
erences in methodology rather than real differences in the location of 
agarases in bacterial cultures.
With the use of the neocuproine procedure (Brown, 1961), recently 
modified by Dygert et al (1965), it has been possible to make a more 
precise quantitative determination of the products from the hydrolysis 
of agar thus enabling a more reliable assay of agarase activity on cell- 
free extracts. The neocuproine method has a number of advantages over 
the more popular Nelson-Somogyi (Nelson, 1944, Somogyi, 1952) technique 
for the assay of reducing carbohydrates. The main drawback of the later 
technique is the occurrence of back-oxidation of copper I ion by air 
during heating and perhaps more serious is the occurrence of some degree 
of autoreduction of alkaline copper II ion by tartrate which inevitabley 
causes high blank values and consequential high standard error. With the 
neocuproine procedure, this standard error is reduced by a factor of 
about 6 (Dygert et_ al, 1965) and this is partly due to the use of small 
volumes of the reagents (2ml each) but primarily due to a substantial 
decrease of the autoreduction effect by substituting glycine for tartrate. 
Both factors seem to be responsible for the very low blank values obtained 
in the neocuproine procedure which makes it possible for differential 
absorptions of assay mixtures to be measured using the blanks as references.
Furthermore, the problem of the back-oxidation of Cu+ is resolved in the 
neocuproine procedure by the concomitant addition of neocuproine to the 
alkaline copper-assay sample mixture before heating thus making it possible 
for Cu+ to be complexed (2 mols neocuproine) as soon as it is formed.
Although precipitation with ammonium sulphate has been widely employed 
for the extraction of agarases (Yaphe, 1966; Swartz and Gordon, 1959; 
Whiteside and Corpe, 1969; Turvey and Christison, 1967a, b; Sampietro 
and de Sampietro, 1971; Day and Yaphe, 1975; Groleau and Yaphe, 1977), 
the results obtained here show that it is not as good^as precipitation 
with ethanol or acetone. The main drawback was the accompanying dialysis 
step which led to considerable loss of agarase activity. The enzyme 
extracts prepared by . precipitation with ammonium sulphate and the organic 
solvents were reasonably stable. Such extracts were found to retain 
between 75-85$ activity after storage for 1 month at 4°C. Addition of 
dithiothreitol to similar agarase preparations led to a retention of 
activity of between 85-90$ over the same period of time and at the same 
temperature. It must be pointed out that although bovine serum albumin 
was found to offer "protection" to the enzyme extracts, it was never 
used for that purpose on account of the fact that it formed precipitates 
in alkaline copper solutions, thereby making the assay of agarase activity 
rather cumbersome and unreliable.
Freezing and thawing of the agarase preparations caused complete 
loss of the enzyme activity. The explan ation for this is not known 
and some other agarases have been reported to retain activity after 
repeated freezing and thawing (Day and Yaphe, 1975).
The different fractions of the agarases eluted from Biogel A showed 
different degrees of stability upon storage. The carbohydrate-bound 
fractions (pH 4.4) of the Alteromonas agarase retained between 62$ and 
70$ of its original activity after 1 month at 4°C, while the carbohydrate 
free fraction (pH 5.3) lost all its activity after 48 hours at 4°C. The 
affinity chromatographic procedure was therefore considered of no practical 
value for purifying the enzymes extracts. On the other hand, it proved 
to be useful for the elucidation of the molecular constituents of the 
agarase extracts. Hence it revealed that the agarase of the Alteromonas 
sp is possibly homogenous with respect to substrate affinity whereas the 
agarase of the Cytophaga sp possibly consists of at least two molecular 
forms with different affinities for agarose.
The new concept of enzyme immobilization in a polyacrylamide 
matrix seems to be unsuitable for the preparation of the agar-degrading 
enzymes. The much reduced activity of the immobilized agarase reaffirms 
the view that the technique is probably only suitable for preparing 
enzymes which have low molecular weight substrates (Uingrad et al, 1971; 
Stanberg et al, 1971) but not for the preparation of polysaccharidases 
(Bernfeld & Man, 1963).
The ability of the agar-degrading isolates to grow in river water 
agar medium and in a simple,defined medium consisting essentially of 
agar, nitrate and a few metal ions, with a significant level of agarase 
production is clearly an advantage since such a medium, apart from its 
economic advantage, requires only minimal fractionation in order to obtain 
a satisfactorily pure agarase. The medium used for subsequent batch-cul­
turing of the agar-degrading organisms consisted of(%w/u), agar, 0.2; 
manganese sulphate, 0.02; magnesium chloride, 0.02 and potassium nitrate, 
0.2; all in river water. The pH of the medium was adjusted to 7.2 with 
potassium phosphate buffer. The non-enzyme protein produced in the medium 
was relatively small compared to the carbohydrate component. Furthermore, 
as will be shown later, reducing carbohydrate drastically inhibited agarase 
activity. These facts meant that removal of carbohydrates during the 
process of enzyme extraction was considered more crucial . than removal 
of proteins.
v. CHARACTERIZATION OF THE AGAR-DEGRADING ENZYMES 
OF ALTEROMONAS GALACTANOLYTICA AND CYTOPHAGA SACCHAROPHILA
1 • Materials and Methods
a) Preparation of partially purified agarase
The isolates were cultured in a basal medium containing 
(gm litre"1), K2HP04, 0.5; MgS04 7H20, 0.2; CaCl2 2H20, 0.01; MnS04 H20,
0.2; NaNOg* 2.0; FeS04 7H20, 0.01, supplemented with 2.0 agar (Oxoid No.3)
The pH of the medium was adjusted to 7.2 and it was sterilized under steam
pressure (15 psi) at 121°C. The cultures uere incubated at 25°C for 5 days 
(Alteromonas sp) or 7 days (Cytophaqa sp). Cell-free extracts uere 
prepared from the cultures by centrifugation and then concentrated to 1/20 
of its original volume by freeze-drying and reconstitution in 0.01M 
phosphate buffer, pH 5.6. The concentrated crude enzyme extract was then 
treated with cold acetone (2 vols.). The resulting precipitate was collected 
in an excess volume of cold acetone, containing 0.01% (w/v) of dithioth- 
reitol. This was left standing in the cold room for 24 hours. The final 
precipitate was pelleted down by centrifugation and then redissolved in
0.005M phosphate buffer, pH 6.4* fhe volume of the lat$3r being such that
the final concentration factor of the agarase preparation was approximately 
x20.
b) Preparation of purified agarase
Purified agarase was prepared by adsorbing the partially purified 
agarase on Biogel A-5m and eluting with 0.01 citrate buffer, pH 5.3 
(Alteromonas sp) or 6.3 - 7.3 (Cytophaga sp). The fractions were concen­
trated 20-folds by freeze-drying followed by reconstitution in 0.005M 
phosphate buffer, pH 6.4.
c)t* Preparation of the degradation products of agarose
Agarose (Sigma) was dissolved by boiling in 0.01M phosphate 
buffer, pH 6.4 to give a final concentration of 2.5mg/ml. The solution 
was cooled to room temperature before the addition of partially purified 
agarase in a volume to volume ratio of 1:1. The mixture was incubated 
with intermittent shaking at 28°C (Water bath). Depolymerization of the 
agarose was followed by measurement of the absorption of the reaction
mixture at 400nm and also by measurement of the viscosity using a volac 
viscometer (Griffin & George, London). After 5 hours, the reaction 
mixture was added to prechilled ethanol (3 volumes). The resulting 
small amount of precipitate was removed by centrifugation at 7000rpm.
The supernatant, containing the degradation products was concentrated . 
by vacuum evaporation. 
i7. Analysis of the products of agarose degradation
Products of enzymic degradation of agarose were analysed qualitatively 
by thin layer chromatography on cellulose MN300 (Sigma). 15% (w/V aq) 
cellulose MN300 was thoroughly homogenized and then spread on to grease- 
free glass plates (20cm x 20cm) to give an even thickness equal to the 
thickness of an autoclave tape. No prior activation of the cellulose 
was needed. The plates were dried at room temperature for 3 days. 15411 
sample of the agarose—degradation product was spotted along a line 3cm 
distance from one end of the plate using a micropipette (5jil vol). 15y,l 
solution of D-galactose (Analar) was used as a marker. The plates were
developed by ascending chromatography using a solvent containing -ffutanol,
/- A
ethanol and water 3:2:2 (V/V/V). Runs were completed within 2.5 hours.
All plates were thoroughly dried in a fume chamber before spraying. The 
spray reagent was modified naphthoresorci.no1 (Duckworth & Yaphe, 1970) 
prepared by mixing 2 volumes of ethanolic (3.75 parts) sulphuric acid 
(1 part) and 1 volume of 0.2% (w/v) naphthoresorcinol in ethanol. The 
carbohydrate spots appeared blue after about 40 minutes at 37°C.
d) Ultracentrifugation of purified agarases in sucrose density 
gradient
Crude, partially purified or purified agarase in-0.01.M phosphate 
buffer, pH 7.0 was applied to a discontinuous gradient of 60% - 10% 
aqueous sucrose solution and centrifuged at 25000rpm for 18 hours'(Martin 
et al 1961).
The sucrose density gradient was prepared by layering carefully, 
with the aid of a Pasteur pipette with its tip bent through 90°, the 
various sucrose density preparations (1.5ml) in a centrifuge tube 
starting with the 60% sucrose preparation. A range of sucrose concen­
trations were prepared from a 60% (w/v) stock as follows:
volumes of 60$ sucrose volumes of water $ sucrose
6
5
4
3
2
1
0
1
4
2
3
5
60$
50$
40$
30$
20$
10$
2mls of the agarase sample was applied on top of the last layer (10$) 
of sucrose# After centrifugation, the centrifuge tubes were emptied 
progressively and uniformly by punching a hole in the bottom of each 
tube with a needle (Weigle &t al, 1959) and collecting the issuing drops.
1ml fractions (approx# equal to 20 drops) were collected and assayed for 
o(~and p-galactosidase activitieis as previously described (Section IV) 
except that the assay mixtures were incubated for 15 hours since 
hydrolysis of low molecular weight glycosides by the agarases was extremely 
slow. Because of the high concentration of sucrose in the fractions, a 
direct assay of agarase activity was not practically feasible#
e) Action of the extracellular agarases on some other carbon compounds
0.5ml of the carbon compound, at a concentration of 2.5mg/ml 
in 0.01N phosphate buffer, pH 6#4 was mixed with 0#5ml of partially 
purified agarase or with 0.5ml of phosphate buffer for the blank and the 
mixtures were incubated at 28°C for 1 hour# This was followed by addition 
of 2.5$ cetrimide (1ml) to remove undegraded substrate. After centri­
fugation, reducing compound in the supernatant was estimated by the 
neocuproine procedure (Section I\J),, Values of the released reducing 
compounds were expressed as JLlM-galactose equivalents.. The following 
carbon compounds were used: agar (Oxoid, No.3); gum locust bean 
(galactomannan) obtained from Sigma Chem. Co.; soluble starch (Fisons); 
pectin, 150 grade (Hopkins & Williams); carboxymethylcellulose (BDH); 
gum arabic (sigm.a); gum xanthan (Sigma); arabinogalactan (Sigma); melibiose, 
raffinose (BDH); stachyose hydrate (Sigma); o-nitrophenyi-Ot-D-galacto- 
pyranoside, o-nitrophenyl-p-D-galactopyranoside and ovnitrophenyl-p-D- 
glucopyranoside (Sigma). Although cetrimide does not precipitate the 
low molecular weight substrates, it was added to all reaction mixtures 
to retain a uniform assay technique.
Activity of the agarases on'the last three compounds was followed 
by the measurement of the aglycon liberated. Absorbance of the aglycon 
(o-nitrophenol) released was measured after the addition of I .OM sodium 
carbonate as previously described.
f) Effect of substrate concentration on the activity of the agarase 
produced by Alteromonas galactanolytica
0.5ml of partially purified agarase was pipetted into 0.5ml of
—1substrate at concentrations of (mg ml ) 5.0, 2.5, 1.25, 0.625 and 0.3125 
in 0.01N phosphate buffer, pH 6.4. The reaction mixtures were incubated 
at 28°C and increases in reducing power were measured, using the neo­
cuproine procedure, at zero time and subsequently at 1 hour intervals.
Any increase in reducing power was expressed as pM-galactose equivalents.
g) Effect of pH and temperature on the activity of agarase produced 
by Alteromonas qalactanelytica
0.5ml of partially purified agarase was mixed with 0.5ml of agarose 
at different concentration and incubated at constant temperature (25°C) 
and varying pH and at constant pH (6.4) and varying temperature. Increases 
in reducing power were measured at zero time and subsequently after 1 hour 
intervals using the neocuproine procedure already described.
h) Effect of reducing sugar (D-qlucose) on the activity of agarase 
produced by the Alteromonas sp.
0.5ml volumes of agarose solution (2.5mg/ml) containing 0,0005-0.5
o
.pmoles of D-glucose were incubated at 28 C for 1 hour with 0.5ml of crude 
agarase preparation. Released reducing compound was measured in each 
reaction mixture as previously described.
2. Results
a) Molecular forms of the agai^deqrading enzymes.
t. The Alteromonas agarase.
Affinity chromatography of the extracellular agarase produced 
• ^  Alteromonas galactanolytica indicated that it is a single molecular 
species (Section IV, figs 16 and 17) although it is thought that in its
mors active and stable state, the agarase may be associated with a glycan 
mo«6ty. This suggests that the enzyme is possibly a glycoprotein.
Extensive reduction of carbohydrate content during purification processes 
such as affinity chromatography, led, not only to loss of activity, but 
also to loss of stability of the enzyme. The sedimentation pattern of . 
the purified agarase in a sucrose density gradient (Fig 24a) also revealed 
a single enzyme band, showing a weak activity on both o-nitrophenyl—oC*~ 
-D-galactoside and o-nitrophenyl-p-D-galactopyranoside. These results 
indicate that the agarase was homogenous, not only with respect to sub­
strate affinity, but also with respect to molecular weight. The ability 
of the unimolecular agarase to attack bothcfcandp-glycoside linkages 
suggests that hydrolysisvof glycosides by the enzyme is either accompanied 
by inversion of configuration or that the enzyme does not discriminate 
betweeno^and p-linkages..
ii) The agarase of the Cytophaga sp.
Affinity chromatography of the purified agarase of Cytophaga 
saccharophila revealed two forms with different substrate affinities 
(Section IV, Fig 18). In their natural states, the different forms appear 
to be carbohydrate-bound as indicated by the third peak pH 4.4 (Fig 18, 
section IV). Ultracentrifugation of the purified agarase in sucrose 
density gradient revealed two molecular forms of the agarase (Fig 24B). 
These results show that the extracellular agarase of Cytophaga sacchar­
ophila is multimolecular, consisting of at least two molecular bpecies 
which differ not only in substrate affinity but also in molecular weight. 
One of the two forms, because of its apparent high molecular weight is 
thought to be particle-bound and showed a higher affinity for p-glycosidic 
linkages. The other form seems to be largely extracellular and non­
particle-bound. This form has a higher affinity forc^-glycosidic bonds.
It is,therefore^thought that the agarase system of Cytophaga saccharophila 
consists of and-acting enzyme, entirely released into the medium and a 
p-acting form which is probably cell wall or membrane-bound in young cells 
and released into the medium through death and autolysis of older cells. 
Immobilized whole cells of Cytophaga saccharophila also showed higher 
activity an p-galactoside than on the (^-analogue.
b* Mode of action of the agarases.
i) The Alteromonas agarase
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Thin layer chromatography of the degradation products of agarose 
produced by the .extracellular agarase of Alteromonas galactanolytica 
revealed only one mobile spot with a similar mobility as D-galactose 
marker (Fig 25). This suggests that the major degradation products of 
agarose are D-galactose and 3, 6-anhydro L-galactose, although the later 
was not separated from D-galactose on thin layer chromatograms. Further*- 
more, following the incubation of the agarase-agarose mixture, there 
was a relatively high increase of reducing power with time despite a slow 
decrease in both viscosity and the absorbance at 400nm (Fig 26). These 
observations indicate that the agarase has an exo-action which meant thst 
monomeric sugars were successively cleaved from one end of the agarose 
molecule (Robyt & French, 1967‘; van der Meulen et al, 1974).
ii) The agarase system of the Cytophaga sp
A series of carbohydrate spots were detected (Fig 27) on thin 
layer chromatograms of the degradation products of agarose by the agarase 
of the Cytophaga sp. The initial changes in both viscosity and absorbance 
at 400nm (Fig 26) of agarose-enzyme solution were also more rapid than 
were observed with the Alteromonas agarase. The observations would sug­
gest that the enzyme system has an endo-action which might involve a 
multipoint, random attack on agarose molecule resulting in the formation 
of a series of oligosaccharides. Monomeric sugars were not detected 
among the degradation products. It is, therefore^not certain whether 
release of monomers from agarose is accomplished by cell-free enzymes 
or by enzymes located in the cell cytoplasm or by enzymes bound to cell 
walls and membranes. The products of agarose degradation, however, red­
uced Fehling*s solution at room temperature. This suggests that either 
reducing sugars are present in quantities not detectable by thin layer 
chromatography or that the products consist mainly of the agaro—oligo­
saccharide series, the smallest unit of which is agarobiose.
C* Specificity of the agarases. .
i) Substrate specificity of the Alteromonas agarase
The extracellular agarase produced by Alteromonas galactanolytica 
released reducing sugars from agar, agarose, gum arabic, arabinogalactan, 
gum xanthan and carboxylmethyl cellulose. The mean jimoles galactose 
equivalents released from these substrates (Table 17 . and Fig 28A) were
Pig. 25. Photograph of Thin-layer chromatograms, on cellulose 
MN300, of the products of agar hydrolysis by the 
agarase of Alteromonas galactanolytica (0h9) and the 
agarase of Cytophaga saccharophila (02U).
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FIG* 27: DIAGRAMMATIC REPRESENTATION OF THIN LAYER CHROMATOGRAMS OF THE 
AGAROSE HYDROLYSIS PRODUCTS-
S
0^= sample origin; hydrolysate of Cytophaga agarase 
O q - sample origin,-galactose marker- 
0^ = sample origin; hydrolysate of Alteromonas agarase- 
S = solvent front-
33,33, 34,29, 22,86, 23,80, 24,76 and 17,14 respectively. Only trace 
amounts of reducing sugars were liberated from galactomannan, starch 
stachyose and raffinose. There was no increase in reducing power when 
the agarase was incubated with a solution of pectin, Nitrophenol was not 
released from o-nitrophenyl-galactosides or the glucose analogue within 
1 hour. Prolonged incubation of the enzyme-galactosides mixture (5-12 
hours) led to the release of o-nitrophenol. This slow activity of the 
agarase on low molecular-weight galactoside implies that low molecular- 
weight glycosides are not natural substrates for the enzyme. The results 
obtained in this study suggest that the agarase of Alteromonas qalact- 
anolytica has a broad spectrum of activity; able to hydrolyze a wide 
range of polysaccharides-containing galactose or glucose,. The enzyme 
however seems to have a higher affinity for galactose polysaccharides 
and liberates monomers more readily from linear galactans,
ii) Substrate specificity of the Cytophaga agarase
There was an increase in reducing power when the extracellular 
agarase system of Cytophaga saccharophila was incubated with:solutions 
of almost all the glycosides tested with the exception of arabinogalactan.
The amounts of reducing compounds (expressed as pjnole-D-galactose equivalents) 
are shown in Table 18i and represented graphically in Fig (28b), The 
extracellular agarase system apparently degraded pectin, starch and 
galactomannan almost as readily as it degraded agarose and agar. The 
low-molecular weight oligosaccharides such as melibiose, raffinose and 
stachyose were degraded by the enzyme system. The nitrophenyl galacto- 
sides were only degraded upon prolonged incubation over a 24 hour period.
The enzyme extract appeared to release o-nitrophenol more readily from 
the^-galactoside than from the p-isomer, although the release of o- 
nitrophenol only after prolonged incubation implied that both galacto- 
sides are poor substrates for the enzyme extract.
Effect of substrate concentration on rate of hydrolysis
Results obtained from preliminary product analysis of enzyme—agarose 
mixtures, using agarase from the Cytophaga sp showed that the reaction 
velocities were not directly proportional to substrate concentration
nor to enzyme concentration. It was therefore not possible to determine
/ )
the Vmax and Km for the Cytophaga agarase system. This is not surprising 
since the extracellular agarase of the Cytophaga strain has already been
TABLE 17-.. The mean amounts of reducing compounds ^s pM-galactose
equivalents) released from various carbohydrates per hour 
by the agarase of Alteromonas galactanolytica.
Carbohydrate Mean differential pM—galactose
Substrate Absorbance of equivalent.
Neocuproine reaction
Agar 0.550 33.33
Agarose 0.360 34.29
Galac tomannan 0.005 0.48
Starch 0.001 0.09
Pectin 0.000 0.00
CM-cellulose 0.120 17.14
Gum arabic 0.240 22.86
Gum xanthan 0.260 24.76
Stachyose 0.015 1.43
Arabinogalac tan 0.250 23.80
Melibiose 0.000 0.00
Raffinose 0.010 0.95
O-NOg-phenyl-otr-D-Gal 0.000 0.00
O-NO^-phenyl-p-D-Gal 0.000 0.00
O-NO^-phenyl- (3-D-Gluc 0.000 0.00
+ : |iM-galactose equiv. = Absorbance x Reaction Vol
S
Where g =j» gradient of standard D-galactose curve, -£t O.O63.
FIG28- RELEASE OF REDUCING COMPOUNDS FROM SOME CARBOHYDRATES* 
BY AGARASE OF Alteromonos qolactanoMirpf A ) AND Cytophogo 
saccharophila ( B )
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TABLE 18 .. The mean amounts of reducing compounds (as \M—galactose 
equiv.) released from the various carbohydrates by the 
agarase extract of Cytophaga saccharophila.
Carbohydrate Mean differential pM-galactose
Substrate Absorption (450nm) equivalent.
Agar ... 0.090 8.57
Agarose 0.060 5.71
Galac tomannan 0.090 8.57
Starch 0.055 5.24
Pectin 0.070 6.6 7
CM-cellulose 0.040 3.81
Gum arabic 0.040 3.81
Gum xanthan 0.045 4.29
Stachyose 0.035 3.33
Arabinogalac tan 0.030 3.00
Melibiose 0.020 1.90
Raffinose 0.055 5.24
O-NO^ -phenyl-cir-D-Gal 0.090 8.57
O-NO^-phenyl-p-D-Gal 0.020 1.90
O-NO^-phenyl- (3-D-Gluc 0.020 1.90
shown to be a multienzyme system 'and therefore not likely to obey the
Michaelis equation. The reaction velocity of the Alteromonas agarase,
with agarose, arabinogalactan, gum arabic or gum xanthan, was directly
proportional to substrate concentration (Fig 29) within substrate
concentration range of 0,1mg/ml - 5mg/ml. Values of V and K for a max m
these polydaccharides at 28 C, in 0.005^ 1 phosphate (K ) buffer, pH 6.4 
are given in Table 19. Reciprocal of for gum arabicc, arabinogalactan, 
agarose and gum xanthan were calculated as 13.75m 6.6, 5.9 and 4.5 res­
pectively. These results suggest that the agarase has the highest affinity 
for gum arabic and the lowest affinity for gum xanthan. The lower values 
of Vmax for gum arabic and arabinogalactan suggest that, although the enzyme 
has a high affinity for these polysaccharides, they are more slowly 
hydrolyzed than agarose probably because they are extensively branched.
The lower affinity which the enzyme seemed to have for agarose suggests 
that agarose may not be the natural substrate for the agarase but rather 
a structurally similar analogue of the natural substrate.
Effect of pH on the rate of hydrolysis of agarose by the Alteromonas
The extracellular1 agarase of the Alteromonas sp hydrolyzed 
agarose over a wide range of pH (Fig 30) although the optimum pH. was 
around 6.4.
Effect of temperature on rate of hydrolysis of agarose by the 
Alteromonas agarase.
The maximum rate of hydrolysis of agarose by the extracellular 
agarase of Alteromonas galactanolytica was observed at about 28°C 
Increase in reducing sugar however was observed in enzyme-agarose mixtures 
incubated over a temperature range of 10-60°C (Fig 31).
Effect of reducing sugar (glucose) on the activity of Alteromonas 
agarase.
Fig 32 shows the effect of increasing concentration of D-glucose 
on the activity of agarase. Agarase activity was completely inhibited 
by reducing sugar at a concentration of about 0.5mg/ml substrate.
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TABLE 19. A summary of the Vmqy and for the hydrolysis of some
polysaccharides by the agarase of Alteromonas galactanolytica
Polysaccharide
Substrate t m ax  ( M M o l e s ) ( a )  -  /-______- , - 1-1(mg ml” )
Agarose 25.06 0.170
Gum xanthan 21.88 0.220
Arabinogalactan 15-31 0.150
Gum arabic 18.05 0.073
(a) Expressed as |iM-galactose equivalents.
(b) Ideally the K^. values should be expressed in molar units but this 
was not possible since the molecular weights of the polysaccharides 
have not been accurately established.
FIG-30: EFFECT OF HYDROGEN ION CONCENTRATION ON THE RATE OF
HYDROLYSIS OF AGAROSE BY THE EXTRACELLULAR AGARASE OF THE ALTEROMONAS sp
FIG-31: EFFECT OF TEMPERATURE ON RATE OF HYDROLYSIS OF AGAROSE
BY ' THE EXTRACELLULAR AGARASE OF THE ALTEROMONAS s p (049/1)
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3. Discussion
a) The agarase of Cytophaga saccharophila
The extracellular agarase of the Cytophaga sp is probably a 
multiple enzyme system. At least, one component of the mixed enzyme is 
an endo-enzyme since treatment of agarose solution with cell-free extract 
of the organism produced a series of oligosaccharides which can only 
result if agarose was randomly cleaved. Bacterial agarases have been 
classified as either(^-acting (^-agarases) or p-acting (p-agarases) with 
reference to their preferential cleavage of either the(X-galactosyl or 
the p-galactosyl bonds of the agarose molecule. It has been reported 
that all agar-degrading Cytophaga sp produce p-agarases (Duckworth et al, 
1969a, 1969d; van de Meulen et_ al, 1974, 1975, 1976) and these p-agarases 
invariably degrade agarose by an internal cleavage mechanism; the result­
ing oligosaccharides being degraded further by other cellwall-bound 
agarases (Turvey and Christison, 1967a) or intracellular agarases (Turvey 
& Christison, 1967b.
The different agarase fractions of Cytophaga saccharophila obtained 
by affinity chromatography and ultracentrifugation showed different 
degrees of activity ono(- and p- o-nitrophenylgalactosides. Although 
these compounds were apparently poor substrates for the extracellular 
enzymes, nevertheless, the results obtained could be taken as indication} 
albeit a remote one, that the mixed enzyme system contained somep(—galactosyl 
and some p-galactosyl hydrolases. Also, the products of agarose degrad­
ation reduced Fehling*s solution at room temperature which was an indication 
(van derMeulen et al, 1975) that agaro-oligosaccharides were the major 
products of agarose hydrolysis and could only have resulted from an endo- 
cleavage of the agarose molecule. On the other hand, fractions of the 
agarase which showed some p-galactosidase activity showed little or no 
activity on agarose. Furthermore, the high density of the p-acting 
fraction suggests that it could be particle bound and was probably released 
into the medium in an inactive form by cell lysis. This could explain 
why immobilized cells showed very high activity on p-D-galactoside.
Since enzyme specificity defines the range of activity of a single 
enzyme, it is difficult to define the specificity of the agarase system 
of the Cytophaga sp. It has already been shown that apart from an agarase 
system, the organism also produces an amylase, a gelatinase and a phos-
phatase. The enzyme extract apparently released reducing compounds from 
agarose, agar, galactomannan, gum arabic, gum xanthan, starch, pectin 
carboxymethylcellulose and other carbohydrates tested# It would certainly 
require the separation and characterization of the individual enzymes 
in order to ascertain whether this apparent broad specificity was due to 
only one enzyme function or to different components of the multiple 
enzyme system. However, such a comprehensive analysis is beyond the 
scope of the present study. It can only be concluded at the moment 
that the freshwater agar-degrading Cytophaga sp produces a multiple 
hydrolase system by virtue of which it is able to metabolize a number 
of complex polysaccharides such as galactans and glycans which are re­
fractory to degradation by most bacteria.
b) The agarase of Alteromonas galactanolytica
Evidence obtained from the various characterization procedures, 
strongly suggest that in its natural state, the extracellular agarase of 
Alteromonas galactanolytica is a unimolecular enzyme, possibly a glyco­
protein. In this aspect, the agarose differs from the agar-degrading 
enzymes of other pseudomonads which, by contrast, have been reported to 
be multimolecular (Day et al, 1975; Groleau et al, 1977; Yaphe, 1966).
Detection of reducing sugar as the main product of hydrolysis of 
agarose coupled with the gradual rather than rapid fall in viscosity of 
the agarase-agarose mixture indicate that the agarase is an exo-enzyme 
so that it degrades substrates by successive cleavage of monosaccharide 
units.
Exo-agarases have so far not been reported among agar-degrading 
bacteria. The agarases of Pseudomonas elongata (l/attuone et al, 1975), 
Pseudomonas atlantica (Yaphe, 1966; Day and Yaphe, 1975; Groleau and 
Yaphe, 1977) and Agarbacterium pastinator (Sampietro et al, 1971), were 
reported to produce exclusively endo-p-agarases while Vibrio agarlique— 
faciens (ishimatsu, 1952) and a marine agar-degrading bacterium (Young 
et al, 1971) were reported to produce endo-o(-agarases. Exo-galactanase 
(Emi et al, 1971, 1972) and exo-galactosidases (Mayer et al, 1958; Bunton 
et al, 1955) have been reported in Bacillus sp. It is not understood, 
however why Pseudomonas elongata or Agarbacterium pastinator, originally 
described as agar-liquefying and Pseudomonas atlantica, originally des­
cribed as agar—softening should degrade agar in such a similar pattern 
and still produce such different visual effects on agar gel. Cultures
of Alteromonas galactanolytica caused complete liquefaction of moist 
agar plates. It was also obvious from plate cultures that the agar— 
liquefaction zones extended beyond the periphery of individual colonies. 
Monosaccharide units were detected not only in agar—hydrolysates obtained 
with cell-free extracts but also in agar-hydrolysates of plate cultures. 
These findings support the view that the Alteromonas sp produces a single, 
extracellular enzyme which alone is capable of degrading agar or agarose 
to monosaccharide units.
The agarase apparently released reducing sugar from agarose without 
discriminating betweenQ(-or p-galactosyl linkages. This view is based 
on the observation that upon prolonged incubation with o-nitrophenyl- 
galactosides, the enzyme released o-nitrophenol from the two anomeric 
forms. However, the amounts of o-nitrophenol released from equimolecular 
solutions of the galactosides in unit time suggested that the (X-form was 
more readily hydrolyzed than the 0-form. According to Eveleigh et al
linkages usually hydrolyze the less preferred c-o linkage with inversion 
of configuration. It has been shown for example that exo-p-amylases 
(Ward et_ al, 1970) act on substrates with inversion of configuration 
whiletf-amylases which are endo-acting react with retention of substrate 
configuration. It is equally possible that hydrolysis of p—(1—4) linked 
D-galactosyl residues was accompanied by inversion of configuration.
The agarase released reducing compounds from arabinogalactan, gum 
arabic, gum xanthan and carboxymethyl cellulose in addition to agar 
and agarose. There was no release of reducing power from starch, pectin 
and the low molecular weight oligosaccharides.- This broad spectrum of 
activity suggests that the agarase is capable of hydrolyzingc4-(1-3) 
galactosyl, 0-(l-4) galactosyl and p—(1—4) glucosyl bonds in polysac­
charides but not in low molecular weight carbon compounds £5 DP = 4. 
Theoretically, the agarase ought to be able to hydrolyze pectin which is 
p-(1-4) linked. However the presence of bulky carboxyl group at c-6 
of galacturonyl residues of pectin seems to be responsible for the inactivity 
of the enzyme towards pectin. This type of steric inhibition of enzyme 
activity by bulky groups at the c-6 position has also been reported in 
p-galactosidases (liiallenfels et al, 1960). On the other hand, replace­
ment of OH at C-6 by H as in arabinosyl residues appears to be tolerated 
by the agarase hence it is able to hydrolyze arabinogalactan which is 
known to contain terminal arabinosyl residues.
which hydrolyze the two anomeric glycosyl
The values obtained for agarose, arabinogalactan, gum arabic 
and gum xanthan indicate that the affinity of the agarase for these 
polysaccharides is of the order gum arabiC7 arabinogalactan/’'agarose‘s 
gum xanthan. The main galactan backbone of both gum arabic and arabin­
ogalactan consist mainly of q—(1-3) galactosyl linkages. The high 
affinity of the agarase for these polysaccharides therefore supports the 
view that the enzyme has a preferential affinity forq -galactosyl linkages. 
The comparatively low affinity for gum xanthan is probably due to the 
fact that the polysaccharide consists mainly of p-(l-4) glucosyl linkages 
(Melton eit al, 1976) though it has also been reported to contain some 
glucuronic acid, galactose and D-mannose residues (Fareed and Percival,
1976). The Vmax f°r these same polysaccharides were of the order; agarose 
~7 gum xanthan7 gum arabic '7arabinogalactan. It would appear from this 
trend, that linear polysaccharides are hydrolyzed &t a faster rate than 
branched polysaccharides and that gum xanthan possibly contains more 
linear residues than is currently being postulated.
The pH optimum for the activity of the agarase (6,4) is close to the 
pH optima of known agarases (Yaphe, 1966; van der Meulen et al 1974, 1975).
On the other hand, the temperature optimum of about 28°C is much lower 
than temperature optima of 40-41°C reported for most of the other agarases 
(Yaphe, 1966; Ishimatsu, 1953a,b; Duckworth and Turvey, 1969a; Sampietro 
et al, 1971; Kadota, 1953). It is doubtful however if these high temp­
eratures were genuinely optimal for the activity of those agarases.
Reports of high temperature optima for agarase activity have often been 
influenced by the conventional assay of agarase activities at high temp­
eratures for the over-riding purpose of maintaining agarose solutions 
in the sol state. In this study, maximum Vo for agarose was obtained 
when the agarose substrate was used at a final concentration of 1.25mg 
per ml in phosphate buffer. At this concentration the agarose solution 
formed no gel even at 4°C so that it was possible to investigate the 
effect of temperature on activity of the agarase over a wide range of 
temperature.
The activity of the agarase was completely inhibited by the presence 
of either D-glucose or D-galactose in the reaction mixture at a concentration
0.5(iM/ml. The enzyme did not require any exogeneous metal ion for
activation and was also inhibited by some heavy metal ions such as Cu*^
t tt
Ag and Hg •
VI-INDUCED PRODUCTION OF THE AGAR-DEGRADING ENZYMES BY ALTEROMONAS GALACTAN­
OLYTICA AND CYTOPHAGA SACCHAROPHILA IN MEDIA CONTAINING VARIOUS CARBON 
SOURCES.
1. Materials and Methods
a) Carbon sources. The production of extracellular agarase by the 
agar-degrading isolates in media containing the following carbon sources 
was investigatedi-
i) Monosaccharides: Glucose, galactose, xylose and arabinose.
ii) DisaccharidesLactose, sucrose, melibiose and trehalose.
iii) Oliqosaccharides: Raffinose, stachyose hydrate from artichokes
" ' i.
(Sigma Chem. Co. St. Louis, Mo. U.S.A.)
iv) Polysaccharides: Agar (Oxoid, No3), agarose (Sigma); Pectin,
150 grade (Hopkin & Williams); gum locust bean, a galactomannan 
from seeds of Ceratonia silique (Sigma); arabinogalactan from 
Larchwood*(Sigma); carboxymethyl cellulose, 99% pure as Na+ salt 
(BDH); cellulose, sigmacell type 100 (Sigma)^starch* gum xanthan 
and .elginic. acid i froiji .Kelp (-Sigma)
v) Miscellaneous Carbon Source: Cold water leachate of Oakwood.
b) Preparation of Oakwood Leachate.
About 100 grams of fresh, (Wet-weight) Oak sawdust was steeped 
in 500ml of distilled water at room temperature with intermittent agitation 
for 3-4 hours. The suspension was then filtered through cheesecloth.
The filtrate was clarified by further filtration through Whatman GF/C 
which had been washed repeatedly with water and 2Q% (w/V aq) ethanol. The 
final filtrate was collected and stored in the dark.
c) Basal Medium.
The basal medium used was composed of (%W/\J), KNO^* 0.2; MnSO^, 
2H20, 0.02; MgCl2, 0.02 and FeS04*7H20, 0.001.
d) Media Preparation
The basal medium was dispensed in 100ml amounts in 250-ml
Ehrlenmeyer flasks. The carbon sources were added to a final concentration 
of 0,2% (w/v) with the exception of gum xanthan which was added to a final 
concentration of 0.1^ (w/v) and Oakwood leachate which was added to the 
basal medium in the ratio of 1:1 (v/v). Following the addition of the 
carbon source, the PH of the medium was adjusted top7.2 using 0.2M 
K2HP04# The media containing pectin and gum xanthan were mechanically 
homogenized before pH adjustment. Arabinogalactan, suspected of under­
going extensive hydrolysis when autoclaved^was sterilized separately by 
filtration following pH adjustment and then asceptically added to sterile 
basal medium at a final concentration of 0,2% (ld/v). All the other 
carbohydrate media were sterilized by autoclaving at 121°C under 15psi 
pressure. 5ml of each carbohydrate medium was asceptically withdrawn 
immediately after sterilization and stored in a refrigerator. These 
were later used as blanks for the estimation of growth density of the 
organisms in the corresponding carbohydrate medium. The agar(uninoculated) 
medium was in addition used as a blank for the measurement of changes in 
the absorbance at 400nm of agar medium as a result of depolymerising 
activities of the test organisms. Like changes in viscosity, changes in 
absorbance at 400nm of agar solution is believed to reflect structural 
changes in agar polymer (Ng YingKin ejt al, 1972).
e) Cultivation of Bacteria and assay of agarase activity.
Each carbohydrate medium was inoculated with 2mls of a culture 
of the test organism previously grown in peptone water, 0,05^ (li//v) for 
48 hours. The cultures were incubated on a rotary shaker (150‘rpm) at 
25^C. Growth density,total protein and amount of agarase were estimated 
at the initial period of incubation and after 24 hours; then subsequently 
after every 48 hours. These estimations were made on 5mls aliquotes of 
the shake cultures asceptically withdrawn with the aid of sterile 5-ml 
pipettes.. Growth was determined by optical density measurement at 546nm. 
Depolymerization of agar in media containing it was followed by measuring 
the changes in absorbance at 400nm using the uninoculated agar medium as 
blank. (Preliminary experiments showed that changes in absorbance at 400nm 
of agar solutions correlated with changes in viscosity as a result of 
enzymatic depolymerization). The cultures were subsequently centrifuged and 
to the supernatant was added 1ml of 2,5% cetrimide. Any precipitate 
formed was removed by centrifugation. The supernatant was treated with 
2 volumes of prechilled acetone. The resulting precipitate was pelleted 
down by centrifugation and then redissolved in 2.5mls of 0.0051*1 phosphate
buffer, pH 6,4. This preparation was assayed for agarase activity and 
for total protein as previously described.
f) Estimation of reducing compounds in cell-free extracts.
Reducing compounds which represent products of extracellular 
agarase activity on agar were estimated in cell-free extracts using the 
neocuproine procedure as previously described.
2. RESULTS
a) Induced agarase production by Alteromonas galactanolytica.
i) Time course production of agarase in agar aedium.
Accelerated growth of Alteromonas sp in a medium containing 
agar as sole carbon source was preceded by a distinct lag phase (fig 
33a). During the lag phase, the viscosity of the agar medium decreased 
gradually and agarase activity was detected in significant levels in 
cell-free extracts. Maximum production of agarase, however, was obtained 
in the late log phase of growth (fig 33a). Between this peak of production 
and the lag phase, agarase secretion (during log phase) occurred at rela­
tively low level.
ii) Specific induction rate of the agarase of Alteromonas sp in 
agar medium.
The specific rate of production of the agarase in agar medium 
(fig 33b) was not uniform along the growth cycle. The highest rate of 
agarase secretion, about 78,40 units per unit optical density, occurred 
during the lag phase. Thi# was an indication that the immediate response 
of the organism to the presence of agar polymer was an accelerated 
production of agarase# .However, as the amount of reducing sugar increased 
(fig 33b), the rate of growth of the organism also increased while the 
rate of agarase secretion dropped to about 11,08 units per unit optical 
density. The low rate of agarase secretion was maintained until, about 
the late logarithmic phase of growth when it rose again to about 57 units 
per unit optical density. This latter rise corresponded to the period 
at which the amount of reducing compounds in cell-free extracts started 
to decline.
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iii) Effect of exogenous reducing sugars on agarase induction.
Neither organism produced any detectable agarase in media 
containing reducing sugars as sole carbon sources. In agar medium to uhch 
either galactose (0.5%) or glucose (0.5%) had been added, agarase was 
not detected in cell-free extracts until about the stationary phase of 
growth (figs 34, 35, 37b & 37h).. This delayed production of the agarase 
in media containing reducing sugars suggested that these sugars repressed 
agarase synthesis although the repression appeared to be lifted once 
the monomeric sugars were exhausted in the medium.
b) Induction of the -agarase of Alteromonas galactanolytica by 
Carbohydrates other than agar.
Agarase activity was detected in cell-free extracts of the 
Alteromonas sp cultured in a mineral medium containing any of the following 
compounds as sole source of carbon : arabinogalactan, gum xanthan, gum 
arabic, gum locust bean (galactomannan), cellulose and Oakwood leachate 
(Fig s 36A—3). Arabinogalactan and galactomannan were apparently as good 
inducers of the enzyme as agar (Table 20)* Gum arabic, gum xanthan, 
cellulose and oakwood leachate were poorer inducers of the enzyme according 
to the results obtained. Only trace amounts of agarase were detected in 
media containing stachyose, raffinose, melibiose, starch and pectin. No 
growth^or agarase activity was observed in the alginic acid medium.
Although only an insignificant amount of agarase was detected in the 
medium containing starch as sole carbon source, growth of the organism 
in this medium was good and there was in fact an apparent absence of lag 
phase (Fig 36F). Purity checks confirmed that only the test organism 
was present. The observation therefore suggested the availability of 
some readily assimilable metabolite in the medium. When the uninoculated 
replicate of the medium was analysed for reducing sugar, the result 
confirmed the presence of reducing sugar in an. amount equivalent to 
0.2% glucose. Further investigations revealed that the reducing sugar 
resulted from heating the starch medium under steam pressure.
Stachyose and raffinose also supported good growth of the test 
organism not parallelled by good agarase production. There was no evidence 
however that any of these oligosaccharides was hydrolysed during steril­
ization under steam pressure. It is possible that raffinose could be
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directly assimilated without prior hydrolysis because of its small size. 
Such a possibility is unlikely^ however, with stachyose which has a degree 
of polymerization (DP) of 4. It could be that the oligosaccharides contain 
impurities in form of monomeric sugars in amounts that support the growth 
of the organism.
In the medium containing Oakwood leachate or galactomannan (Figs 
36E & 36D) the growth of the test organism was poor even though the 
corresponding cell—free extracts gave high levels of agarase activity. 
Galactomannan has already been shown (Section V) to be a poor substrate 
for the agarase and as such, is considered to be a gratuitous inducer 
of the enzyme. On the other hand Oakwood leachate, although thought to 
contain water-soluble hemicelluloses and other water-soluble carbohydrates, 
possibly contains such chemical impurities as polyphenols which might 
inhibit the growth of the organism. The presence of polyphenols was 
evident from the change in colour of the leachate after prolonged storage 
or when exposed to air for a few days.
C) Production of agarase by Cytophaga saccharophila in the media 
containing carbohydrates other than agar.
All the polysaccharides tested with the exception of alginic acid 
induced agarase secretion by the Cytophaga sp (Fig 37A-N). Agarase 
activity was also detected in cell-free.extracts of the organism cultured 
in media containing stachyose^raffinose, melibiose and trehalose as sole 
carbon sources. Lactose, sucrose, cellobiose and the monomeric sugars 
did not induce agarase production in cultures of the organism. Quantit­
ative estimates of agarase in cell-free extracts indicated (Table 20) 
that arabinogalactan, pectin, starch and the Oakwood leachate were better 
inducers of the enzyme system than agar. In all the carbohydrate media 
maximum agarase activity was detected during the stationary phase of 
growth, Enzyme extract obtained in each case showed the same hetero­
geneity of molecular form as that obtained in agar medium, thus indicating 
that the various molecular forms of the agarase system were co-ordinately 
induced by any one of the inducers, including those like starch, pectin 
or melibiose which have only one type of glycosidic linkage.
Discussion
The agar-degrading enzymes of Alteromonas galactanolytica and 
Cytophaga saccharophila were found to be inducible and their production
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TABLE 20. The Agarase Induction Ratio Maxima (iR^)* of the various 
carbon sources.
C-Source
iem *
A. galactanolytica C. saccharophila
Agar 28.91 4*09
Starch 1.30 10.54
Galactomannan 23.81 4*42
Pectin 2.72 10.54
Cellulose 6.11 4.08
Stachyose 1.70 3*06
Raffinose 1.63 4.09
Melibiose 2.00 2.38
Arabinogalactan 28.26 12.25
Gum arabic 18.50 4.09
Gum xanthan 16.67 6.12
Oakwood leachate 8.16 12.92
* Defined as the maximum agarase activity detected in the carbohydrate 
medium divided by the maximum amount of agarase activity detected in 
basal medium without exogeneous carbon source.
was shown to be transiently repressed by the presence of exogenous reducing 
sugars and by the products of agar hydrolysis.
The specific induction rate of the agarase, as observed in cultures 
of Alteromonas galactanolytica, did not appear to be uniform over the . 
growth cycle. Results obtained showed a negative correlation between 
rate of enzyme production and cellmass, Hence specific induction rate 
was highest during the lag phase of growth and lowest during the logarithmic 
phase of growth. The logarithmic phase of growth was apparently initiated 
by a high catabolite flux which resulted from agarolysis by agarase 
released during the lag phase.
The rate of secretion of an extracellular enzyme would normally be 
expected to be directly proportional to cell mass.,, This is particularly 
true for extracellular enzymes which are not subject to end-product 
repression(Torriani ejb al, 1962) or which are produced under conditions 
in which possible repression by end-products has been suppressed (Reese 
elb al 1969),,In this particular instancef however, the negative correlation 
between cell mass and specific induction rate, was a result of the positive 
correlation between cell mass and end-products, which repressed agarase 
production. Such an indirect correlation between specific induction 
rate and cell mass has also been reported for other organisms (Bull, 1972) 
and is thought to be common with extracellular enzymes which are under 
the dual control of induction and repression(Okinaka et_ al, 1966, 1967)
Neither agarase was induced by any of the monosaccharides tested.
This observation is contrary to the report by Sampietro et al, (1971) 
that D-galactose and L-arabinose induced agarase production in cultures 
of Agarbacterium pastinator. In fact in media containing agar and either 
glucose or galactose, agarase production was repressed. However, the 
repression was only transient since agarase activity was detected during 
the declining phase of growth at which stage the exogenous reducing ~ 
sugars have neared exhaustion. The inhibition of inducible enzyme syn­
thesis by glucose or other rapidly metabolized carbon source has been 
termed "catabolite repression” (Neidhardt and Magasanik, 195^). In 
earlier investigations (Okinaka and Dobrogosz, 1966, 1967; Adhya and 
Echols, 1966) it was demonstrated that the phenomenon of catabolite 
repression was associated with pyruvate metabolism and that the ultimate 
effect was the prevention of enzyme-mRNA transcription (noses and Prevost, 
1966). An indirect evidence has more recently been obtained which suggests
that.release of energy during glucose metabolism (Saier et al, 1975;bJayne 
et al, 1974) is possibly responsible for the transient repression of 
p-galactosidase synthesis by glucose in Escherichia coli, In cells, 
which are actively metabolising in glucose medium, the intracellular 
level of ATP rises considerably while the intracellular level of adenosine 
3 , 5  cyclic monophosphate (cAMP) is greatly depressed (Zubay eit al,
1970; Rickenberg, 1974; Buettner et al, 1973), It has also been demonst­
rated that cAHP is capable of lifting the catabolite repression of 
p-galactosidase synthesis (Pastan et al, 1970) and that its activity is 
mediated by a specific protein, the catabolite gene activator protein
(Zubay et al, 1970; Rickenberg, 1974) or cyclic AMP-receptor protein
/ \ \(Emmer et al, 1970), As long as glucose is available, the cyclic AMP
level is low and consequently there is no synthesis of enzymes capable 
of utilizing other carbon sources, liJhen glucose level falls, c^AMP level 
rises, becomes bound to CR-protein and the resulting complex binds to a 
specific locus in the genome thereby stimulating the transcription of 
enzyme-m.RNA, It is apparent from this sequence of events, that fluctua­
tions in intracellular level of CAMP alone does not directly explain 
the phenomenon of catabolite repression. Infact it has been reported 
,(Setlow, 1973; Saito et al, 1973; Bernlohr,et al.1974, Coote, 1974; Priest, 
1975; Hanson, 1976; Baxter et al, 1976) that cAMP is not detectable in 
several bacteria which are known to produce catabolite-sensitive, extra­
cellular enzymes. On the other hand, evidence has been obtained (Bernlohr
& Mc6eoch,
et al, 1974; Sanders,^1973; Artman et al, 1974) which suggests that 
guanosine 3 , 5 cyclic monophosphate (cGMP) could be more directly involved 
in the transcriptional control of catabolite-sensitive operons. The 
level of cGMP is known to rise sharply in cells which are stimulated to 
grow rapidly for example by addition of glucose (Bernlohr et al, 1974 
Lehninger, 1975), Furthermore, it has been demonstrated that cyclic 
GMP directly represses the transcription of p-galactosidase-mRNA 
(Emmer et al, 1970; Zubay et al, 1970), It is possible that cGMP plays 
an analogous role in other bacteria including the agar-degrading isolates.
If this is the case, then it explains the observed low specific induction 
rate of agarase in logarithmic-phase cultures; the high specific induction 
rate in the lag phase and stationary phase of growth and also the inability 
of the agarolytic bacteria to secret agarases in presence of glucose 
and other monomeric sugars,
A classical hypothesis for the mechanism of enzyme induction (Dacob 
and Monod, 1961) suggested an interaction between an inducing agent and
a protein-repressor molecule. It has been suggested that this hypothetical 
repressor molecule is identical with CR-protein (Emmer ejt al, 1970) but 
a specific interaction between an inducer and cAMP which leads to the 
heightened synthesis of an inducible enzyme has not yet been established.
In Escherichia coli, low molecular-weight carbohydrates such as lactose 
and melibiose induce the synthesis of galactosidases (Sheinni and Crocker, 
1961; Dey and Pridham, 1972; Schmitt, 1968). By virtue of their small 
size and the activity of a m^mbrane-permease system, these carbohydrates 
are able to enter the cell and so act as inducers. In cases where the 
inducing substrate is a macromolecule such as a polysaccharide, it is 
believed that the macromolecule is first degraded by a low level of the 
inducible enzyme (basal level) and that the resulting low molecular- 
weight products then enter the cell to act as inducers (van der Meulen, 
1974; Priest, 1977). In this suggested mechanism, it is implied that 
polymers by themselves do not act as inducers. This view is based upon 
the observation that some polysaccharide hydrolases are better induced 
by the hydrolysis products of the corresponding polysaccharides (van der 
Meulen, 1974; Saito and Yamamoto, 197.3; Welker and Campbell, 1963). The 
ability of low molecular-weight carbohydrates to induce agarase production 
in cultures of Cytophaga saccharophila may possibly, be explained in terms 
of this mechanism, Furthermore^since the organism appeared to possess 
a cell-bound hydrolase, it could be that the initial breakdown of agar 
is carried out by this cell-bound hydrolase and that the resulting products 
enter the cell to effect the synthesis of the extracellular hydrolase 
system. In the case of Alteromonas galactanolytica^however, this type 
of mechanism is less likely to apply since it has been demonstrated that 
the agar-hydrolysis product released by its agarase (galactose) represses 
the enzyme synthesis. It has also been shown that agar and other poly­
saccharides are better inducers of the agarase. In other species of 
bacteria, it has been reported that undegraded substrates are better 
inducers of specific hydrolases (Griffin et al, 1973; Lane et al, 1973; 
Fogarty et al, 1973; Dave and Reese, 1971; 3oyce et al, 1976). In such 
cases, it seems unlikely that the polymers are degraded prior to the 
actual induction process. It is possible, therefore that in the case of 
the Alteromonas sp. and perhaps also in other species of bacteria espec­
ially those which produce inducible exo-acting enzymes, undegraded polymers 
are able to initiate the de novo synthesis of their specific hydrolases, 
through • cell-wall-membrane binding sites. It has.been shown^for example^ 
that undegraded benzylpenicillin induces the synthesis of penicillinase 
(Aten and Day, 1973), through a cell wall binding site. In this type
of mechanism, the inducing factor is more likely to be a structural 
information rather than a chemical compound and it is conceivable that 
membrane bound cAMP would be able to pick up the structural information 
and to transmit it to the cell genome# An analogous role of cyclic-AMP 
has been established in eucaryotic cells. In mammalian cells for example, 
cyclic-AMP acts as a messenger (Lehninger, 1975) since it is able to pick 
up and amplify hormonal signals from blood and to transmit such signals 
to the cell genome.
Undoubtedly, much work is still required to obtain a clearer under­
standing of the induction mechanism in bacteria, It is clearly understood^, 
however^that the induced- production of extracellular depolymerases by 
bacteria is an adaptive mechanism which enables an organism to obtain 
nutrients from an otherwise refractory polymer, particularly under condit­
ions in which a more readily assimilable metabolite is unavailable. The 
freshwater agar-degrading bacteria represent a select group of organisms 
which have evolved the ability to secrete polysaccharide-degrading enzymes 
as a means of survival in a competitive environment in which readily 
assimilable metabolites are naturally in short supply. The fact that 
polysaccharides other than agar were observed to induce the synthesis of 
the agar-degrading enzymes rules out the possibility that the agarase 
induction is substrate-specific. It is therefore possible that the 
freshwater, agar-degrading bacteria evolved not necessarily through direct 
contact with agar but rather indirectly, through contact with agar-like 
polysaccharides in pectic substances, hemicelluloses. plant exudates or 
freshwater-microbial galactans which form part of freshwater organic 
detritus.
VII GENERAL DISCUSSION AND CONCLUSIONS
The isolation of agar-degrading bacteria from the River Wey is
further evidence that agar-degrading organisms occur in freshwaters as
well as in marine environments. Agar or the algae which produce it are
not normally found in nonmarine environments. Consequently the isolation
of agarolytic microorganisms in non-marine habitats has always been
regarded as unusual; unless the habitat was shown to have had a historical
marine connection. This attitude has long been shown despite the growing
number of agarolytic isolates from such habitats as soil, waste treatment
plants and stable manure. In a desperate attempt to account for the
presence of aqar-deqradifiq Cytophaqa sp in a freshwater lake, van der 
etal,
MeulenA(l974) put forward the view that the organism was a frelict* of 
a certain marine period. But, as has been pointed out by Christensen (1977) 
it is difficult to accept that view especially as the organism was shown 
to suffer up to 22% inhibition when cultivated in media containing as 
little as 0.05^ Nacl. One would expect that if the organism was so 
genetically stable as to retain its maritime agar-degrading habits, it 
would also be consistently saline tolerant.
An alternative proposal regarding the occurrence of agar-degrading 
bacteria in habitats other than marine is put forward here; that the agar- 
degrading character possessed by some bacteria may not only have been 
acquired, directly, through contact with agar but also indirectly, through 
contact with other polysaccharides which are structurally and/or physically 
similar to agar. Agar— like polysaccharides such as arabinogalactan, gum 
arabic, galactomannan and some other polygalactose compounds, which have 
already been described in the introduction, are widely destributed in 
nature. It is also possible that a lot more of these galactans are 
produced by yet undiscovered freshwater microorganisms such as algae, 
fungi and bacteria. The wide occurrence of galactans in wood hemicell- 
uloses and pectic substances must also be taken into account. The evidence 
that these polysaccharides can induce the production of the ^garase* 
as efficiently as agar itself provides a more plausible explanation 
regarding the occurrence of agar-degrading bacteria in freshwaters, soils, 
stable manure, creamery waste, waste treatment plants and even rotten grapes.
The ability of the extracellular hydrolases, produced by both species 
of bacteria, to degrade not only agar but also other polysaccharides is 
also significant. There can be no doubt that a lowland river such as the
River Wey, with stretches of tree—lined banks, receives a large influx 
of structural polysaccharides as part of its organic detritus. It is to 
be expected^therefore^that these bacteria, through their enzymatic act­
ivities, play important roles in the recycling of organic detritus in 
the river. It is likely that similar species of bacteria might be found 
in more freshwater habitats. The present lack of information on freshwater 
agar-degrading bacteria may be partly due to the routine restriction of 
water sampling to only the surface layers. In the present study, most 
of the agar-degrading strains were found mainly in foci of high detritus 
density such as the water-silt interphase.
In his original work, Stanier (1941) described two main classes of 
agar-degrading bacteria;the Pseudomonas - Vibrio group which were exclusively 
capable of liquefying agar and the Cytophaga - Flavobacterium group which 
only softened agar. The element of uncertainty portrayed in this grouping 
turned out to be a problem which anybody confronted with the taxonomy of 
agar—degrading bacteria had to face. The taxonomy of agar—degrading 
bacteria has in fact been so ill treated,that although more than 63 isolates 
have been reported since 1902, only 9 species of agar-degrading bacteria 
namely 5 Cytophaga spp, 1 Flavobacterium sp, 2 Nocardia spp and 1 Strep- 
tomyces sp, are recognised in the eighth edition of Bergey* Manual; even 
though several species of bacteria belonging to genera such as Pseudomonas, 
Vibrio and Bacillus have been described. A positive identification of 
species of Cytophaga is very often made difficult, not only by the close 
morphological resemblance between the genus Cytophaga and the genus 
Flexibater. but also by the close relationship of Cytophaga species to the 
ill-defined genus Flavobacterium. At present moment, the 12 species of 
Flavobacterium in the Bergeyfs Manual, for some unknown reason, are still 
divided into two sections; section I consisting of non-motile Flavobacteria 
with mole % GC of 30-42 (Weeks, 1974). The only character which is 
expected to differentiate Flavobacterium Section I and Cytophaga is the 
demonstration of swarming growth for Cytophaga. Unfortunately it is now 
a common experience that swarming is not a stable character among species 
of Cytophaga and the swarming habit is rarely observed on nutrient-rich 
solid media. The yellow pigmented, agar-softening rods which have been 
described in this study are readily distinguishably from flexibacteria 
by their ability to degrade polysaccharides especially agar. The isolates^ 
however^did not show typical swarming growth on nutrient agar though 
limited spreading growth was observed on plain river water agar and 
gliding motility has been observed in young cultures grown in liquid media. 
However, the assignment of the isolates to the genus Cytophaga was not
so much based upon the observation of the limited spreading but more upon 
a personal conviction that morphologically and culturally similar bacteria 
with a mole % GC ratio of 29-45 (Christensen, 1977), ought to be placed 
in the genus and that the continued inclusion of such organisms in the 
genus Flavobacterium is unreasonable.
The agar-liquefying, polar-flagellated isolates, as has been pointed 
out, possess characteristics which are typical of the genus Pseudomonas.
The lower mole % GC ratios of the strains accounted for their being assigned 
to the newly proposed genus. Alteromonas. It is perhaps daring to create 
a new species within^new genus which has not yet been universally accept­
ed, In doing so however', the need for the acceptance of the genus is 
emphasised. It is even suspected that most of the previously described 
motile, agar-liquefying bacteria might also be included in this genus.
The agar-degrading "C$|ijfa-negative Bacterium” described by Hofsten at al_ 
(1975) was examined in the course of this study and its characters, as 
also reported by the original workers, were in accord with the suggested 
definitiori for the genus Alteromonas. Similarly, Pseudomonas atlantica 
NCMB 301 studied by Lee at al, 1977, and another strain whose nucleotide 
base ratio was examined by Mandel 1966 also appear to satisfy
the requirement for the new genus. Furthermore, one of the first agar- 
liquefying isolates, designated Vibrio aqar-liquefaciens, has also been 
re-examined recently by some workers. In a personal communication, Hendrie 
stated that the organism is definitely not a Vibrio sp but whether it will 
be assigned to the genus Alteromonas or not will depend on the results 
of further investigation.
The different visual effects produced on agar plates by agar-liquefying 
bacteria and the agar-softening strains has always been recognised by 
various workers. The preconception that an agar-degrading microorganism^ 
must of necessity possess at least two specific hydrolases has led many 
workers to put forward identical mechanisms for the two patterns of 
agarolysis. In this study, it has been shown that the pattern of agar— 
degradation by the Alteromonas sp and that of the Cytophaga sp were 
apparently different. Alteromonas galactanolytica probably degrades agar 
by means of a single, extracellular exo-acting hydrolase while Cytophaga 
saccharophila apparently degraded agar by means of a multiple system of 
hydrolases, at least one, a [3-hydrolysing factor, is thought to be cellwall 
or membrane-bound. It is in no way implied that an enzyme which is released 
to the culture medium can never be found on intact cells nor that an
enzyme which is supposed to be cell wall or membrane-bound can never be 
found in cell-free culture fluid. The component of the Cytophaga hydrolase 
system which is believed to be released in the culture medium caused 
only a partial degradation of^agar molecule. The cell-associated hydrolase 
appears^therefore^to be responsibly^ for the release of assimilable carbon 
compounds from the partially degraded agar. It is likely that morphological 
variation of the Cytophaga cells is designed to maximize the activity of 
the cell-associated hydrolases.,. In plain river-water agar as well as in 
other nutrient-poor media, the cells grew slowly and long, filamentous 
forms were commonly observed. In nutrient-rich media such as nutrient 
agar on the other hand, growth was fast but filamentous forms were very 
rarely observed. It is-possible that in nutrient-poor media, increase 
in cell-surface area in form of filamentous forms is essential as a means 
of increasing the amount of cell-associated enzyme per cell. It may be 
that for the same reason, swarming is more common in nutrient-poor media 
than in nutrient-rich media.
At the moment, it is difficult to explain the role of the extracellular 
slime produced by both species of bacteria. Slime secretion is however., 
common among agar-degrading bacteria since it is the most common character 
observed by many investigators (See Table 2' Section 1). It is possible 
that it plays an adhesive role. The slime layer apparently binds the 
cells together in clumps although the metabolic function of the clump, 
formation is yet unknown. It is also apparently a means by which the 
cells are able to adhereto solid surfaces such as organic detritus. In 
addition, the slimes may also serve as a means by which the cell clusters, 
in their natural environments, are able to trap and localize their extra­
cellular hydrolases between the cells and organic substrata. In fact, 
cholinesterase-solubilising factor produced by a Cytophaga sp is thought 
to be associated with the slime layer of the organism (Bovallius, 1978).
The isolation of Alteromonas galactanolytica and Cytophaga saccharo— 
phila is indicative of perhaps a larger number of similar bacteria which 
play an active role in the recycling of plant and vegetable matter not 
only in aquatic habitats but also in the soil and other special habitats 
such as sewage treatment plants.
Conclusions
The following conclusions may be drawn from the present study:-
n. Agar-softening and agar-liquefying bacteria occur in the River 
U)ey and possiblj^ also in other freshwater habitats. They seem to be more 
concentrated at or near the silt-water interphase where there is a high 
concentration of organic matter.
2. For reason^yet unknown these bacteria are more readily isolated 
during the summer period..
3. The agar-softening strains possess characters which are in accord 
with the definition for the genus Cytophaga. Some strains were clearly 
^on-specific and different from all known species of Cytophaga so they 
have been assigned to a new species for which the name Cytophaga 
saccharoohila is proposed on the grounds of its ability to grow on a wide- 
range of carbohydrates, monosaccharides to polysaccharides.
4. The agar-liquefying strains were all similar in characteristics.
Their characters were in accord with those of the genus Alteromonas.
A new species name Alteromonas galactanolytica has been assigned to these 
strains.
5. The optimal pH and temperature for growth and production of agar- 
degrading enzymes by both species of bacteria are 6.8-7.2 and 25°C respectively.
6. The agar-degrading enzymes released into the culture medium are 
best precipitated with cold acetone although further purification, by
for example affinity chromatography, is likely to lead to loss of activity 
and stability.
7. The agar-degrading enzyme produced by Cytophaga saccharophila 
is believed to be a mixed carbohydrase system. The term ^garase* is 
rather a misnomer since the enzyme system is not specific to agar.
8. For similar reasons, the agar-degrading enzyme produced by 
Alteromonas galactanolytica would better be referred to as a galactanase.
9. The mixed carbohydrase system of Cytophaga saccharophila consists 
of a cell wall or membrane-bound component and a cell-free, endo-acting 
component.
10. The galactanase of Alteromonas galactanolytica is very probably
an exo-hydrolase.
11. The hydrolase systems of both species of bacteria are inducible 
not only by agar but also by other polysaccharides particularly galactans. 
For this reason the organisms are believed to have acquired their agar-, 
degrading characters through natural contact with agar-like polysaccharides 
such as galactans.
12. In addition to being inducible by polysaccharides other than 
agar, the hydrolases also degrade other polysaccharides apart from agar.
For this reason, the organisms are believed to play active roles in the 
recycling of vegetable matter in their habitat.
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